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ABSTRACT 
GUIDING THE SELF-ASSEMBLY OF BLOCK COPOLYMERS IN 2D AND 3D 
WITH MINIMAL PATTERNING 
 
SEPTEMBER 2017 
 
JAEWON CHOI, B.S., INHA UNIVERSITY 
 
M.S., INHA UNIVERSITY 
 
M.S, UNIVERSITY OF MASSACHUSETTS AMHERST 
 
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST 
 
Directed by: Professor Thomas P. Russell and Professor Kenneth R. Carter 
 
 
 
Directed self-assembly (DSA) of block copolymers (BCPs) based on topographic 
patterns is one of the most promising strategies for overcoming resolution limitations in 
the current lithographic process and fabricating the next generation data storage devices. 
While the DSA of BCPs with deep topographic patterning has been extensively studied 
both experimentally and theoretically over the past two decades, less attention has been 
paid to the development of the DSA process using minimal topographic patterning. This 
dissertation focuses on understanding the effect of minimal topographic patterning on 
guiding the self-assembly of BCPs in 2D and 3D. We demonstrate that minimal trench 
patterns can be used to achieve highly ordered hexagonal arrays or unidirectionally aligned 
line patterns over large areas. By preparing BCP thin films on a series of minimal single 
trench with different dimensions, we study the minimum amount of topographic patterning 
necessary to successfully guide the self-assembly of BCPs. This approach provides insight 
into the minimum pitch of the trench necessary to fully order BCP microdomains. We 
develop a simple and robust method for the generation of macroscopically ordered 
 xi 
 
hexagonal arrays from the DSA of BCPs based on minimal trench patterns with solvent 
vapor annealing. The use of minimal trench patterns allows us to elucidate the 
morphological characteristics and lateral ordering of hexagonal array using grazing 
incidence small angle X-ray scattering (GISAXS). Moreover, using minimal trench 
patterns, we describe the generation of BCP line patterns oriented orthogonal to the trench 
direction over arbitrarily macroscopic distances. Beyond 2D BCP nanostructures, we 
explore the fabrication of 3D BCP architectures over large areas using simple woodpile 
structures as 3D guiding templates. We can also produce 3D networks of metallic 
nanostructures within the woodpile structures using a metal salt infiltration technique. In 
the last part, we conclude this dissertation and propose an outlook. 
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CHAPTER 1* 
 
INTRODUCTION 
 
1.1 Overview 
In the semiconductor industry, device performance and cost are strongly correlated 
to feature sizes,1 where top-down lithographic approaches are commonly used to fabricate 
nanoscale feature sizes. However, further decreasing the feature sizes below the 22 nm half 
pitch by the lithographic processes is becoming extremely expensive and more 
challenging.1 To overcome these limitations, the combination of a top-down approach with 
a bottom-up self-assembly has been investigated over the past decade.2, 3 
Among many bottom-up self-assembly methods, the self-assembly of block 
copolymers (BCPs) has attracted significant research interest, since their microphase 
separation into periodic lamellar, spherical, cylindrical, or gyroid microdomains, with 
dimensions ranging from 5 to 100 nm, can be used for the fabrication of bit-patterned media 
(BPM) and lithographic masks. However, typically, BCP microdomains in thin films on an 
unpatterned substrate meet intrinsic obstacles, including undesirable domain orientation 
and short-range lateral order, which limit their capabilities in nanofabrication. To overcome 
these issues, deep topographic patterns have been widely used to guide the self-assembly 
of BCP thin films, but relatively little attention has been given to the use of minimal 
topographic patterns. 
                                                          
*This chapter has been adapted from J. Choi, K. R. Carter, and T. P. Russell, “5. Directed self-oriented self-
assembly of block copolymers using topographical surfaces” in the book entitled “Directed Self-Assembly 
of Block Co-Polymers for Nano-Manufacturing”, A Volume in Woodhead Publishing Series in Electronic 
and Optical Materials: No. 83, pp 99-127, Copyright (2015), with permission from Elsevier. 
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In this dissertation, we will address the question of how minimal topographic 
patterns have an effect on guiding the self-assembly of BCPs in 2D and 3D. In Chapter 1, 
we will first introduce the background of BCPs, control of interfacial interactions, and 
graphoepitaxy. In Chapter 2, we will focus on understanding the directed self-assembly 
(DSA) of a cylinder-forming BCP with minimal topographic patterning. In Chapter 3, we 
will study the macroscopically ordered hexagonal arrays of BCP microdomains in thin 
films guided by minimal topographic patterns using the grazing incidence small angle X-
ray scattering (GISAXS) technique. In Chapter 4, we will investigate the orthogonally 
aligned BCP line patterns on minimal topographic patterns. In Chapter 5, we will 
demonstrate the fabrication of 3D BCP patterns with tailored functionality using 3D 
woodpile structures. Finally, in Chapter 6, we will conclude this dissertation and propose 
an outlook. 
 
1.2 Introduction to Block Copolymers 
Block copolymers (BCPs) are composed of two or more chemically distinct 
polymeric chains (blocks), which are covalently bound together at one or more points.4 The 
most extensively investigated type of BCPs is the linear AB diblock copolymer, which 
consists of a long chain of A monomers covalently bonded to a long chain of B monomers.5, 
6 In general, these blocks are thermodynamically incompatible, so that AB diblock 
copolymers can microphase-separate into well-defined nanostructures, such as lamellae, 
spheres, gyroids, or cylinders. In the bulk, the phase behavior of AB diblock copolymers 
is dictated by three parameters: the volume fraction of the blocks, f, the Flory-Huggins 
 3 
 
interaction parameter, χ, and the degree of polymerization, N, as shown in Figure 1.1.7 
However, in the thin films, additional parameters, such as the interfacial interactions at 
substrate/BCP and BCP/air interfaces and the commensurability between the natural period 
of BCP (L0) and the film thickness can, also, influence the morphology. 
 
Figure 1.1 Calculated phase diagram of an AB diblock copolymer. Schematic illustration 
at the bottom is representative of equilibrium morphologies of body-centered cubic (BCC), 
hexagonally-packed cylinder (HEX), gyroid phase (GYR), and lamellar phase (LAM). 
Reprinted from Hoheisel et al., Block Copolymer-Nanoparticle Hybrid Self-Assembly, 40, 
Prog. Polym. Sci, 3-32, Copyright (2015), with permission from Elsevier (Ref. 7). 
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1.3 Control of Interfacial Interactions 
Depending on the specific application, such as membranes, BPM or lithographic 
masks, different orientations (in-plane or out-of-plane) of BCP microdomains are required, 
so that controlling the orientation is crucial. In BCP thin films, interfacial interactions at 
the substrate/BCP and BCP/air interfaces and the commensurability between the film 
thickness and L0 are important factors for dictating the orientation and morphology of 
BCPs.8-20 Generally, strong preferential interactions of one component of BCPs with the 
substrate and/or a lower surface energy of one of blocks lead to an orientation of the BCP 
microdomains parallel to the substrate in the thin films because of the connectivity of the 
blocks. Russell and co-workers investigated this behavior using a symmetric poly(styrene-
b-methyl methacrylate) (PS-b-PMMA) and characterized it using neutron reflectivity, 
secondary ion mass spectrometry (SIMS), and interference microscopy.21-24 In these 
studies, after thermal annealing, lamellar microdomains of PS-b-PMMA diblock 
copolymer in thin films were oriented parallel to the substrate due to the strong affinity of 
PMMA block to the oxide layer on the silicon substrate and the lower surface energy of PS 
block. However, this parallel orientation of BCP microdomains can be overcome by 
controlling the interfacial energies precisely. If the substrate is neutral, that is, the 
interfacial interactions of both blocks are balanced, BCP microdomains can orient normal 
to the substrate. Under this condition, the incommensurability between the film thickness 
and L0 also affects the orientation of BCP microdomains. 
The most common strategy to control the interfacial interaction is modification of 
the substrate using random copolymer brushes.10, 11, 14-16 Russell and co-workers were first 
to demonstrate the grafting of hydroxyl-terminated PS-r-PMMA random copolymers, 
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where the fraction, f, of styrene was varied from 0 to 1 on the oxide layer of the silicon 
substrate.14 As shown in Figure 1.2, it was found that the interfacial energies of both PS 
and PMMA blocks of PS-r-PMMA random copolymer brushes were equal when f ≅ 0.57, 
which means that the substrate has non-preferential interactions (neutral condition) with 
both the PS and PMMA blocks. Although, anchoring of PS-r-PMMA random copolymer 
brushes is a simple and effective method to control surface affinities, this approach has 
disadvantages, such as requiring specific surface chemistries, and the anchoring process is 
time consuming.  
 
 
Figure 1.2 (a) Interfacial energies 𝛾𝑆𝑓 and 𝛾𝑀𝑓 and (b) Δ𝛾(𝑓) = 𝛾𝑀𝑓 − 𝛾𝑆𝑓 for PS (circles) 
and PMMA (triangles) on a PS-r-PMMA brush as a function of 𝑓. From Mansky et al., 
Science 1997, 275, 1458-1460. Reprinted with permission from AAAS (Ref. 14). 
 
To circumvent these hurdles, several groups further developed a generalized 
approach to surface modification using crosslinking reaction.19, 25-27 This approach was 
demonstrated using the thin films of benzocyclobutene (BCB) functionalized PS-r-PMMA 
(PS-r-PBCB-r-PMMA) random copolymers.19 In this work, it was found that thermally 
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crosslinked PS-r-PBCB-r-PMMA ultrathin films can be produced on various solid surfaces, 
such as Al, Si3N4, Kapton, and PET substrates, with controlled surface energies in a simple, 
rapid, and robust manner. It is noted that interfacial interactions can also be mediated by 
solvents during solvent vapor annealing (SVA).28-32 
The coupling of the interfacial interactions and the confinement of BCPs was 
investigated experimentally and theoretically by confining BCPs between two parallel 
substrates.12, 33-39 When BCP films are confined between parallel flat substrates, the 
formation of the surface topography, such as holes and islands, is suppressed and, 
depending on the wetting conditions at the interfaces of the confining planes and the 
separation distance between the confining substrates relative to L0, the BCPs can be forced 
into a condition of frustration. As an example, Turner theoretically studied a free energy 
model, which includes the elastic stretching energy of the polymer, the interactions at the 
AB interfaces, and the interactions between the polymer and the confining plates, for the 
confined lamellar microdomains with parallel orientation of the AB diblock copolymer in 
the strong segregation limit.38 It was found that the number of layers between two parallel 
plates was changed from n to n + 1/2 as a function of the plate spacing. Walton et al. 
extended Turner’s model by considering the case of lamellar microdomains with 
perpendicular orientation between two parallel walls.39 In this work, they developed a free 
energy of the lamellar microdomains with perpendicular orientation to the walls and 
compared to the symmetric and the antisymmetric parallel lamellar microdomains as a 
function of the wall spacing. The perpendicular lamellar microdomains were favored over 
the parallel lamellar microdomains when Fv < Fh. However, it was found that the 
perpendicular lamellar microdomains were favored over in a limited range of the wall 
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spacing. Lambooy et al. used neutron reflectivity to investigate the self-assembly behavior 
of symmetric PS-b-PMMA diblock copolymers in two parallel solid substrates, where the 
PMMA block preferentially segregated to both substrates.37 In this work, the lamellar 
microdomains showed parallel orientation to the solid substrate regardless of the confined 
film thickness. Also, the BCP chains were either compressed or expanded to accommodate 
the imposed frustration. In contrast, Kellogg et al. found that when the symmetric PS-b-
PMMA diblock copolymer was confined between parallel substrates, which were modified 
by PS-r-PMMA random copolymer brushes, the lamellar microdomains with 
incommensurate conditions were oriented normal to the substrates to accommodate the 
frustrated condition.34 
 
1.4 Graphoepitaxy 
We have demonstrated so far strategies to control the orientation of BCP 
microdomains in thin films by tuning interfacial interactions. However, these oriented 
microdomains on unpatterned flat substrates show generally short-range lateral order, 
which limits their usefulness for applications in the nanofabrication. The use of 
graphoepitaxy, which uses artificial surface relief structures to guide the self-assembly of 
BCP thin films, can enhance the lateral order of BCP microdomains.40-42 In general, the 
length scale of the confinement depth of topographic patterns for graphoepitaxy is greater 
than L0, where an annealed BCP material will fill the regions confining the BCP. One 
advantage of using graphoepitaxy is density multiplication. For example, if electron beam 
lithography (EBL) generates sparse line or post guiding patterns based on L0, the remaining 
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unpatterned areas will be filled with the BCP having a much smaller period, thereby 
reducing the effective pitch of the patterning, so that the writing time of EBL can be 
significantly reduced. Consequently, this graphoepitaxy approach, which is the 
combination of a top-down lithographic approach with a bottom-up self-assembly of BCPs, 
provides an opportunity for multilevel controlling of BCP patterns with the nanometer 
scale on diverse topographic patterns. 
 
1.4.1 Fabrication of Topographic Patterns 
Various methods can be used for the fabrication of topographic patterns that can 
guide the self-assembly of BCP thin films. Photolithography is the major technique, which 
includes serial and parallel processes.43 In this technique, the feature size is generally 
limited by the wavelength of light and the numerical aperture of the lens. For example, by 
using 193 nm wavelength, photolithography can fabricate patterns with 37 nm feature 
sizes.43 Many topographic patterns for guiding the self-assembly of BCPs were produced 
using photolithography technique.41, 44-47 
Interference lithography is a good technique for producing periodic patterns, such 
as 1D line patterns or 2D dot/hole arrays, over large areas without using the photomask.48, 
49 Different laser sources, such as a Lloyd’s mirror system with a 325 nm wavelength He-
Cd laser or a 193 nm ArF laser, can be used depending on the required feature size. By 
using shorter wavelengths, interference lithography can extend resolution capability of 
photolithography. For example, extreme ultraviolet (EUV) light source with a wavelength 
of 13.5 nm can achieve a spatial resolution below 10 nm on various photoresists in a single 
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exposure.50, 51 Many research groups have used interference lithography to fabricate 
chemically patterns as well as topographic patterns in the directed self-assembly (DSA) 
process.52-61 
EBL is a standard technique for writing patterns that does not require a photomask, 
but this technique has relatively low throughput compared to photolithography.62 The 
resolution of EBL can be below 10 nm, which is determined by several parameters, 
including the applied voltage, the spot size of the beam, the photoresist, and the effect of 
electron scattering, i.e. the proximity effect. Poly(methyl methacrylate) (PMMA) is one of 
the first resists for EBL and functions as an organic positive-tone resist for high-resolution 
patterning.63, 64 The negative-tone resist, hydrogen silsesquioxane (HSQ), and the positive-
tone resist, ZEP (Nippon Zeon ZEP-520), have also been developed as high resolution e-
beam resists.65-68 A great deal of research on the DSA of BCP thin films has been done 
using EBL.69-82 
Alternative approaches such as soft lithography, which uses elastomeric molds, 
thermal nanoimprint lithography, which transfers a surface relief structure from a master 
mold to a thermoplastic polymer film by heating above glass transition temperature of the 
polymer, or UV-assisted imprint lithography, which uses a low viscosity photocurable 
monomer with UV transparent mold, can be employed to produce topographic patterns.83-
86 Jung and co-workers used poly(dimethylsiloxane) (PDMS) mold as the topographical 
pattern and then, by combining the DSA of BCPs with nanotransfer printing, they obtained 
ordered sub-10 nm BCP patterns on various substrates such as indium tin oxide (ITO), 
silver, and aluminum beverage can.87 Russell and co-workers fabricated nanoimprinted 
polymer replica with high fidelity such as polyimide, PDMS, poly(butylene terephthalate) 
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(PBT), and fluorinated ethylene propylene (FEP) from a faceted sapphire surface.88, 89 
These replica substrates were used for the DSA of poly(styrene-b-ethylene oxide) (PS-b-
PEO) diblock copolymer thin films. 
 
1.4.2 Topographic Patterns with Deep Patterning 
To date, in the DSA of BCP thin films with topographic patterns, most studies have 
focused on the use of topographic patterns with the deep geometry, where the vertical 
length scale of the confinement areas is greater than L0. As shown in Figure 1.3a, one 
representative example of deep geometries is a deep trench pattern. In the deep trench 
patterns, the confinement depth of the trench is comparable to or larger than L0, so that it 
can control the lateral ordering and placement accuracy of BCP microdomains with 
thickness comparable to L0 in the confinement areas with relative ease. However, in this 
case, the grain size of BCP microdomains is limited by the width of the trench. A reversed 
case is a minimal trench pattern, as shown in Figure 1.3b, i.e. the minimal geometry. In 
this case, the confinement depth of the trench is much less than L0, allowing BCP 
microdomains to span across the patterned substrate. Here, we will first discuss 
topographic patterns with deep geometries. 
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Figure 1.3 Two types of trench patterns. (a) Deep trench pattern. (b) Minimal Trench 
Pattern. 
 
1.4.2.1 Deep Trench Patterns 
Kramer and co-workers first demonstrated the generation of single crystal films of 
BCPs over large areas on a trench pattern.41 After thermal annealing of the monolayer of 
spherical microdomains of poly(styrene-b-2-vinylpyridine) (PS-b-P2VP) diblock 
copolymer on the trench pattern, they produced at least 4.5 μm single grain hexagonal 
arrays of spherical microdomains on the mesa. In this study, the length scales of mesas and 
trenches played a crucial role in inducing long-range lateral order of spherical 
microdomains. When the depth of the trench was equal to or greater than L0 and the width 
of the mesa was less than 5 μm, they could obtain the single grain of PS-b-P2VP 
microdomains. The same group also investigated the ordering and melting behavior of 
spherical microdomains of PS-b-P2VP on the trench patterns through a continuous defect 
generation process.90 By varying temperatures that correspond to χN, where χ is the 
temperature dependent Flory-Huggins parameter and N is the number of mers in the BCP, 
they generated a 2D single crystalline layer of PS-b-P2VP spherical microdomains with 
quasi-long-range order with few defects when the temperature of thermal annealing was 
close to but below the temperature of 2D crystal to hexatic transition (7.4 < χN < 9). In 
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addition, the same group found that the topographic confining edge provided the spherical 
microdomains of PS-b-P2VP with the orientational and translational order while the 
influence of the confining edge decayed as the distance increases from the edge.91, 92 
Similarly, the self-assembly behavior of cylindrical microdomains in thin films on the 
trench patterns was studied in terms of the orientational order, translational order, and 
defects by varying temperature.45, 93 Furthermore, Kramer and co-workers characterized 
the grain orientation and the single crystal diffraction of PS-b-P2VP microdomains on the 
2D hexagonal trench patterns using moiré patterns from scanning force microscopy (SFM) 
or grazing incidence small angle X-ray diffraction.46, 94 
Ross and co-workers studied the DSA of a sphere-forming BCP on trench 
patterns.54, 72, 95-97 They used poly(styrene-b-ferrocenyldimethylsilane) (PS-b-PFS) diblock 
copolymer because of its high etching selectivity, which is useful for the pattern transfer 
into an underlying layer or a substrate. To understand confinement effects of the trench 
pattern on the self-assembly of BCP thin films, they fabricated the trench pattern of 80 nm 
depth with various widths using EBL technique, so that the number of rows of PS-b-PFS 
microdomains was controlled (Figure 1.4a).72 As shown in Figure 1.4b, N rows of spherical 
microdomains were maintained when (N  ̶  0.5)L0 < W < (N + 0.5)L0, where L0 is the 
natural period of PS-b-PFS and W is the width of the trench. It was found that when there 
was incommensurability between W and L0, PS-b-PFS microdomains were extended or 
compressed to comply with the confinement condition arising from the trench patterns. To 
demonstrate this behavior, they developed the free energy model, as shown in Figure 1.4c. 
The free energy shows its local minimum when W = NL0, so that in this case, spherical 
microdomains will ideally choose an integer value of N row. When W ≈ (N + 0.5)L0, 
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however, there will be a transition in the number of rows from N to N + 1 due to the change 
in the free energy.  Also, Ross and co-workers fabricated 2D topographical patterns with a 
sharp corner of 60° to investigate high positional accuracy of spherical microdomains.97 
Compared with 1D trench patterns, this 2D pattern could reduce the placement error of 
hexagonal arrays of PS-b-PFS microdomains due to another confinement in a direction of 
60°, so that they could achieve the pattern registration with an error of 3 nm, which was 
comparable to the error by other lithographic techniques. 
 
 
Figure 1.4 PS-b-PFS in parallel-sided grooves. (a) Plan-view electron micrograph of 
ordered arrays of PFS domains with N = 2 to 12 rows. (b) The number of rows in the groove, 
N, plotted against confinement width, W, showing the widths at which arrays with N rows 
are stable. The confinement width is expressed in terms of d, the equilibrium row spacing, 
which is 24.8 nm in this polymer. (c) Energy against confinement width of BCP system. 
The free energy of the confined BCP (Fc) is presented relative to the free energy of the bulk 
BCP (F0). Reprinted by permission from Macmillan Publishers Ltd: Nature Materials, 
Cheng et al. (2004), copyright 2004 (Ref. 72). 
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Ross and co-worker also developed graphoepitaxy with poly(styrene-b-
dimethylsiloxane) (PS-b-PDMS) diblock copolymers.56, 58, 98 Since PS-b-PDMS has a 
relatively high Flory-Huggins interaction parameter (χ ≈ 0.26 at room temperature), which 
is related to scalability of BCP microdomains, smaller L0 can be achieved in comparison 
to other BCPs, such as PS-b-PMMA (χ  ≈ 0.04) and PS-b-P2VP (χ  ≈ 0.18). Also, the 
PDMS block exhibits a high etching contrast to O2 plasma in comparison to the PS block, 
due to the presence of Si in the backbone of PDMS, so that it can be used for lithographic 
masks. However, due to the large difference in the surface tensions between PS (γ = 40.7 
mN/m) and PDMS (γ = 19.9 mN/m), there is preferential segregation of the PDMS block 
to the air/BCP interface, causing difficulty in achieving perpendicular orientation of the 
microdomains. They fabricated trench patterns using Lloyd’s Mirror interference 
lithography, followed by modification of the surface of the trench using PDMS brush layers 
to facilitate the self-assembly of a cylinder-forming PS-b-PDMS diblock copolymer.58 In 
this work, they systematically controlled the width ratio (mesa/trench) from 0.18 to 1 with 
maintaining the trench pitch of 1 μm, toluene vapor pressure, and annealing time. Under a 
high vapor pressure of toluene for 15 h with the narrow mesa (Wmesa = 125 nm and Wtrench 
= 875 nm), they obtained in-plain cylindrical microdomains oriented parallel to the trench 
walls. In contrast, at a lower vapor pressure of toluene for 15 h with the wide mesa (Wmesa 
= 270 nm and Wtrench = 730 nm), in-plain cylindrical microdomains were aligned 
perpendicular to the trench walls. In addition, Ross and co-workers produced the concentric 
ring patterns of PS-b-PDMS.98 In this study, they fabricated circular trench guiding patterns 
of 40 nm depth with the diameter, D, from 60 to 350 nm using Lloyd’s Mirror interference 
lithography. They observed only a PDMS sphere when D = 60 or 77 nm, a single PDMS 
 15 
 
ring without an inner sphere when 86 nm < D < 94 nm, reappearance of the inner sphere 
when 102 nm < D < 134 nm. These periodic changes in the presence and the absence of 
the inner sphere were maintained in the whole range of the trench D. Besides the DSA of 
diblock copolymers, Ross, Manners, and co-workers investigated the DSA of triblock 
terpolymers with trench patterns.99 In this case, they used the blend of poly(isoprene-b-
styrene-b-ferrocenylsilane) (PI-b-PS-b-PFS) triblock terpolymer with PS homopolymer to 
induce square symmetry arrays of BCP microdomains. By tuning the surface properties of 
the trench patterns with various widths, they demonstrated the self-assembly of square-
packed triblock terpolymer microdomains. 
Sibener and co-workers studied the DSA of BCPs using trench patterns with 
various widths and depths.78, 100, 101 In their study, the trench depths greater than 35 nm 
induced the alignment of poly(styrene-b-(ethylene-alt-propylene)) (PS-b-PEP) 
microdomains on the mesas as well as in the trenches by overcoming the confined volumes 
of the trenches, when overfilled.78 Also, it was found that if the width of the trench was 
wider, a longer annealing time was required to obtain in-plane cylindrical microdomains 
of the PS-b-PEP. Buriak and co-workers demonstrated the alignment of metallic patterns 
using rectangular, triangular, and circular trenches of 35 nm depth.70, 102 In this work, PS-
b-P2VP diblock copolymers were chosen to load various metal ions into the P2VP blocks. 
Recently, the same group investigated the compatibility of microwave annealing with 
graphoepitaxy.103 By using PS-b-P2VP and PS-b-PMMA diblock copolymers with 
microwave annealing in the presence of tetrahydrofuran (THF), they achieved the highly 
ordered parallel cylindrical microdomains in the trenches with SiO2 walls. 
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Trench patterns with chemically homogeneous surfaces, i.e. non-preferential trench 
bottoms and sidewalls, are useful for guiding the self-assembly of sphere- and cylinder-
forming BCPs. In contrast, to guide the self-assembly of lamellar-forming BCPs, in 
particular controlling the alignment of the microdomains, trench patterns with chemically 
heterogeneous surfaces, which have non-preferential trench bottoms and preferential 
sidewalls, are required. For example, Nealey and co-workers controlled the interactions of 
the blocks of the PS-b-PMMA with the bottoms and the sidewalls of the trench patterns to 
achieve desired orientation of lamellar microdomains.75 In this case, when the bottom of 
the trench is neutral to both PS and PMMA blocks while the sidewall of the trench 
selectively interacts with PS blocks, lamellar microdomains oriented normal to the film 
surface were aligned parallel with the sidewall of the trench. In contrast, when both the 
bottom and the sidewall of the trench were SiO2, which preferentially interacts with the 
PMMA blocks, lamellar microdomains oriented parallel to the film surface were produced 
in the trench pattern. Also, when the surface of the trenches was uniformly modified by 
neutral brush layers (PS-r-PMMA), the trench pattern induced perpendicular lamellar 
microdomains to both the bottom and the sidewall. In this approach, the optimization of 
experimental parameters, such as the film thickness of BCPs, molecular weight of BCPs, 
and commensurability between the width of the trench and L0, was important to obtain high 
degree of alignment of lamellar microdomains. Similarly, Yamaguchi and co-workers 
produced PS-b-PMMA lamellar microdomains oriented normal to the film surface in the 
line, rectangular, and hexagonal trench patterns, where these topographic patterns have 
heterogeneous surface.104, 105 Recently, Gopalan and co-workers examined not only 
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symmetric BCPs, but also asymmetric BCPs in the trench patterns by simultaneously 
controlling the surface chemical composition and the BCP film thickness. 106, 107 
Kim and co-workers studied the DSA of BCPs using various trench patterns.108-111 
Using the hybrid mixture of PS-b-PEO and polymethylsiloxane (PMS) resin, they 
produced wave-like structure of lamellar microdomains oriented perpendicular to the 
trench direction.109 This orthogonal alignment of lamellar microdomains was explained by 
the large difference in the bending properties of aligned lamellar microdomains along two 
axes. However, in this study, they could not induce wave-like structure when the same 
trench patterns were applied to PS-b-PMMA lamellar microdomains. Recently, the same 
group extended a previous approach to induce wave-like structures of PS-b-PMMA 
lamellar microdomains by using broader range of length scales of the trench patterns.110 It 
was found that the wave-like alignment of PS-b-PMMA lamellar microdomains on trench 
patterns was dependent on not only the film thickness of BCPs, but also the trench pattern 
dimension, such as the depth and the pitch. 
Black and Bezencenet systematically demonstrated the pattern registration and 
alignment of PS-b-PMMA diblock copolymers using square, circular, and general trench 
patterns.44 It was found that the initial variation of the film thickness within the trench 
pattern after spin-coating was critical for obtaining well-ordered cylindrical microdomains 
oriented parallel to the film surface in the trenches. Specifically, when the film thickness 
was thicker near a step edge than that of a middle of the trench, the microdomains was first 
nucleated along the step edges and then, propagated to the middle of the trench. However, 
the thickness variations within the trench pattern were dependent on the pattern dimensions, 
such as a narrow width and a wide width, so that the length scales of the pattern should be 
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optimized to achieve registration of BCP microdomains. Ruiz et al. investigated the local 
defectivity of parallel lamellar microdomains of the PS-b-PMMA confined in a tapered 
trench geometry.112 In this geometry, the narrow region imposes a higher free energy 
penalty for defect formation than that of the wider areas. By using this approach, they 
produced defect-free microdomains in the narrow trench regions up to the width of 0.64 
μm (20L0) and the length of 5 μm (150L0). 
The influence of the line edge roughness (LER) of the trench pattern on the DSA 
of BCP films was studied.113, 114 Yang et al. reported that the ordering of PS-b-PMMA 
cylindrical microdomains oriented normal to the film surface was strongly affected by the 
LER of the trench pattern.114 Similarly, Nealey and co-workers investigated the influence 
of the trench width roughness (TWR) on defectivity of cylindrical microdomains of the 
PS-b-PMMA.113 In this case, the defect formation was strongly dependent on 
commensurability between the width of the trench and L0 while TWR did not strongly 
impact on defectivity. 
Kim and co-workers demonstrated the DSA of BCP thin films using photoresist 
patterns.47, 115, 116 One of the advantages using the photoresist pattern is that this pattern can 
be completely removed by a simple cleaning method after pattern transfer, so that further 
overlay processes can be facilitated. By using symmetric and asymmetric PS-b-PMMA 
diblock copolymers with SU8 photoresist trench patterns, they produced highly ordered 
BCP microdomains.47 In this case, since the sidewall of the photoresist trench pattern 
preferentially interacted with the PS blocks, the perpendicular orientation of BCP 
microdomains was produced when interactions between the blocks of the BCP and the 
bottom of the trench were balanced. Moreover, they demonstrated that lateral order of 
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lamellar microdomains oriented normal to the film surface could be achieved over large 
areas (17.5 μm by 12.5 μm) by combining graphoepitaxy with epitaxial self-assembly.115 
 
1.4.2.2 Deep Post Patterns 
To guide the self-assembly of a sphere-forming PS-b-PDMS, Berggren, Thomas, 
Ross, and co-workers fabricated 2D arrays of HSQ posts using EBL.69 In contrast to 
previous 1D trench patterns, here, the sparse HSQ posts were fabricated over the substrate, 
interacting both locally and globally with spherical microdomains of the BCP. They 
functionalized the HSQ posts on the silicon substrate with a short PDMS brush layer, so 
that these posts can be used as surrogates for minor PDMS spheres in the close-packed 
array. These HSQ posts also can be modified by a PS brush layer. When there were no 
guiding posts on the substrate, spherical microdomains in PS-b-PDMS thin film showed 
short-range lateral order. In contrast, when brush-coated HSQ post were used to guide the 
self-assembly of PS-b-PDMS thin films, a single grain of spherical microdomains was 
produced. Also, they found that the orientation and domain spacing of the spherical 
microdomains on post patterns were dictated by the commensurability between the 
equilibrium spacing of the BCP on a flat surface (L0) and the period of HSQ post (Lpost), 
which is supported by a free-energy model. When they plotted this free energy curve as a 
function of Lpost/L0, the free energy showed a minimum at Lpost/L0 values, where the HSQ 
post lattice was commensurate with a lattice of unstrained BCP microdomain. This 
theoretical prediction was closely accorded with the obtained experimental results, so that 
they could observe all predicted BCP microdomains lattice types, such as <11>, <20>, 
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<21>, <30>, <22>, <31>, <40>, <32>, and <41>, by varying Lpost. Also, a single BCP 
lattice orientation or two or more different BCP lattice orientations were observed 
depending on a value of Lpost/L0 due to changing width and number of the potential wells 
in the free energy curve. Furthermore, Berggren, Ross and co-workers reported more 
complex self-assembled BCP patterns guided by HSQ post patterns.117 By changing the 
post lattice parameters of Lx and Ly, where Lx and Ly are the periodicities in the x and y 
directions, respectively, the lattice orientation angles of BCP microdomains were 
controlled. When they varied the geometry of the HSQ posts and their motif, more complex 
BCP patterns including bends, junctions, and zig-zag patterns could be produced. 
Berggren and co-workers reported the DSA of a cylinder-forming PS-b-PDMS with 
a sub-10 nm period using rectangular arrays of post patterns.118 In this study, every possible 
commensurate case to have the orientations of PDMS cylinders from 0° to 90° with respect 
to the x-axis was investigated by varying parameters of Lx and Ly. Also, the effect of length 
scales of HSQ posts on the self-assembly of BCPs was demonstrated. It was found that the 
larger diameter and greater height of the HSQ posts enhanced the y-axis orientation similar 
to 1D trench patterns while the smaller diameter and shorter height of the posts resulted in 
poor ordering. Recently, Berggren, Ross, and co-workers fabricated 3D multilevel 
structures of BCPs using a bilayer of in-plane PDMS cylinders in a PS matrix with 
chemically functionalized HSQ posts.79 By varying the periodicity of the post arrays in the 
x and y directions, the orientation and morphology of BCP microdomains in each layer 
were controlled, so that various structures, such as perpendicular and angled mesh-shaped 
structures, different periodic superstructures, cylinders on top of spheres, cylinders on top 
of square symmetry perforated lamellae, and cylinders on top of ellipsoids, could be 
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achieved, which are described by self-consistent field theory (SCFT) simulations. They 
demonstrated that this strategy for 3D routing of dense BCP microdomains could be a new 
route to fabricate nanoscale device manufacturing. Further, Hannon et al. studied the 
optimization of post patterns for the target BCP patterns with complex features by using 
inverse design simulations.119 In this work, they first performed simulations to predict the 
patterns of HSQ posts necessary that can guide the self-assembly of PS-b-PDMS diblock 
copolymers. By using these simulated posts, they produced the target BCP patterns, such 
as junctions, lines, and terminations. 
 
1.4.2.3 Other Patterns 
Kim and co-workers investigated the self-assembly of symmetric PS-b-PMMA 
diblock copolymers on wrinkled surfaces with balanced interfacial interactions.120 They 
fabricated a wrinkled pattern using Norland Optical Adhesive (NOA71) UV-curable epoxy 
thin film, which was biaxially strained using oxygen plasma. After curing with UV 
irradiation, they obtained randomly oriented wrinkled patterns with a pitch of 4 μm and an 
amplitude of 800 nm due to the uniform equi-biaxial stress on NOA71 surface. After the 
DSA of a lamellar-forming PS-b-PMMA on this wrinkled surface, it was found that 
lamellar microdomains in the center of the wrinkle were aligned normal to the wrinkle 
direction, due to the thickness gradient by geometric anchoring. They also studied the DSA 
of BCPs on various straight and periodic wrinkled patterns and on graphene-wrinkled 
surfaces. 
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On 1D or 2D planar patterned substrates, such as trench and post patterns, the 
commensurability between the pattern dimension and L0 and the preferential interaction 
between the one block of BCPs and the substrate play a key role in dictating morphology 
of BCP thin films. However, BCP morphologies on non-planar surfaces, such as cylindrical 
or spherical templates, can be affected by both the commensurability and curvature of the 
template.121-128 Russell and co-workers studied poly(styrene-b-butadiene) (PS-b-PBD) 
diblock copolymers confined in cylindrical nanoporous alumina membranes.124 In the bulk, 
the PS-b-PBD diblock copolymer showed lamellar morphology while when the PS-b-PBD 
was confined in cylindrical pore with diameter, d, of 45 nm (d/L0 ~ 2.6), it showed a 
stacked-disc or toroidal-type structures, which deviated from the bulk morphology because 
of the imposed high degree of the curvature and incommensurability. 
 
1.4.3 Topographic Patterns with Minimal Patterning 
As mentioned before, although topographic patterns with the deep geometry can 
control the orientation and/or position of BCP microdomains with lateral order, there is 
limitation in the final grain size of BCP microdomains owing to the confinement width. 
Minimal topographic patterning can be a route to overcome this limitation. Generally, the 
vertical length scale of the confinement area of the minimal topographic patterns is much 
smaller than L0 so that, on substrates with minimal topographical patterning, the grain sizes 
of BCPs several orders of magnitude greater than that of BCPs on deep topographic 
patterns can be achieved by overcoming the width of the confinement. 
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1.4.3.1 Faceted Substrates 
Perhaps the simplest means of minimal patterning a surface is to reconstruct the 
surface of a single crystalline material, like Si or sapphire, that is miscut, namely, cut along 
a crystal plane that is stable at room temperature but unstable at elevated temperatures.129-
132 The facets have a depth of several nanometers with a pitch of tens of nanometers, so 
that they can be used to guide the self-assembly of BCPs. Fasolka et al. studied symmetric 
diblock copolymer thin films with thickness below L0 on the faceted Si substrate.
133 They 
found that BCP microdomains were decorated along the facet ridges due to the variation 
in film thickness on the faceted substrate. Rockford et al. investigated a lamellar-forming 
PS-b-PMMA on the faceted substrate.134 In this case, they prepared periodic heterogeneous 
surfaces of polar (silicon oxide) and nonpolar (gold) using the glancing angle evaporation 
of metals on the miscut Si wafer having a sawtooth-type pattern with an amplitude of 
several nanometers. In this case, the silicon oxide preferentially interacts with PMMA 
block while the gold interacts with PS block. It was found that the orientation and the 
ordering of lamellar microdomains of PS-b-PMMA thin films on the faceted substrate were 
strongly affected by the commensurability between L0 and the period of the faceted 
substrate. Also, they reported a surface-directed morphology of lamellar microdomains in 
thick PS-b-PMMA films on the Si faceted substrate with alternating stripes of silicon oxide 
and gold.135 
Recently, Russell and co-workers demonstrated the fabrication of an ultradense 
single grain array of cylindrical microdomains of BCPs on the sapphire faceted substrate.136 
To produce the faceted surface, the miscut single crystal sapphire surface (Figure 1.5a) was 
thermally annealed in air from 1300 °C to 1500 °C, which produced patterns with pitches 
 24 
 
from 24 to 160 nm and amplitudes from 3 to 20 nm (Figure 1.5b). These sawtooth patterns 
were used to guide the self-assembly of cylinder-forming PS-b-PEO diblock copolymers 
with different molecular weights. After producing PS-b-PEO thin films (Figure 1.5c), 
followed by SVA, they produced a single hexagonal array of cylindrical microdomains 
oriented normal to the film surface with areal densities of 0.74 to 10.5 terabit/inch2 on a 
1.5 cm ×  1.5 cm faceted pattern (Figure 1.5d). Grazing incidence small angle X-ray 
scattering (GISAXS) was used to characterize the single grain of PS-b-PEO thin films on 
the sapphire sawtooth pattern by rotating the sample stage from 0° to 90°. Even though 
there were defects in the underlying faceted pattern and variations in the pitches and the 
amplitudes of the facets, the generated single grain of BCP microdomains showed a perfect 
orientational order and a quasi-long-range crystalline order. Furthermore, Russell and co-
workers produced hexagonal arrays of cylindrical microdomains oriented normal to the 
film surface over large areas on various flexible faceted substrates, which were replicated 
from the faceted sapphire surface.89 
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Figure 1.5 Schematic illustration of the strategy used for generating BCP cylindrical 
microdomains on highly oriented crystalline facets on a single-crystal surface. From Park 
et al., Science 2009, 323, 1030-1033. Reprinted with permission from AAAS (Ref. 136). 
 
Line patterns of cylindrical microdomains in BCP thin films on imprinted polymer 
replicas as well as faceted sapphire substrates were investigated by Russell and co-
workers.88 They produced a single grain line pattern of the PS-b-PEO diblock copolymer 
on the sapphire sawtooth substrate with SVA, which was driven by entropic penalties of 
chain packing of the BCP at the facet geometry. These line patterns were studied using 
GISAXS with a rotating sample stage. With increasing the rotation angle of the sample 
from 0°, where the X-ray beam was parallel to the (10) lattice line, to 4°, the (10) reflection 
was broadened and its intensity was significantly decreased. Based on these GISAXS data, 
the orientation parameter, f, where f = 1.0 for perfect orientation of the microdomains, and 
f = 0 for random orientation, was calculated. In this study, f was more than 0.97, which is 
characteristic of the unidirectionally aligned line patterns of cylindrical microdomains. 
Furthermore, the same group demonstrated the line pattern of cylindrical microdomains in 
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PS-b-PEO thin films on the faceted Si pattern, which shows more asymmetric geometry 
than that of the faceted sapphire substrate.137 In this case, by rotating the sample stage 
during GISAXS experiments, the orientation and the lateral ordering of PS-b-PEO 
microdomains were characterized.  
  
1.4.3.2 Minimal Trench Patterns 
Russell and co-worker studied the DSA of poly(styrene-b-4-vinylpyridine) (PS-b-
P4VP) diblock copolymers with SVA on the minimal trench patterns with two different 
depths.138 For the minimal trench pattern with the depth of 14 nm, they varied the widths 
of the mesa from 50 to 120 nm. In this case, all obtained hexagonal arrays of PS-b-P4VP 
microdomains in the trenches showed long-range lateral order, where the final grain size 
was determined by the width of the trench. In contrast, when they used the trench pattern 
with the depth of 5 nm, they produced a single grain with at least 5 μm × 5 μm of hexagonal 
arrays of PS-b-P4VP microdomains over the trench pattern with a high degree of lateral 
order. 
Russell and co-workers also produced circular PS-b-PEO line patterns using 
circular shallow trench patterns with the depth of 8 nm.73 In this study, they fabricated three 
different pattern dimensions, such as I29,80 (trench width = 29 nm and trench pitch = 80 nm), 
M31,99 (trench width = 31 nm and trench pitch = 99 nm), and O34,121 (trench width = 34 nm 
and trench width = 121 nm) using EBL. Among these three patterns, only M31,99 pattern 
could guide the self-assembly of PS-b-PEO thin films, generating circular line patterns of 
cylindrical microdomains due to commensurability between the dimension of the M31,99 
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pattern and domain spacing of the PS-b-PEO. They also used the same circular trench 
patterns to guide the self-assembly of a cylinder-forming PS-b-P2VP diblock copolymer. 
In this case, highly ordered circular line patterns of PS-b-P2VP microdomains were 
achieved only on the I29,80 pattern because of the commensurability between the dimension 
of the I29,80 pattern and domain spacing of the PS-b-P2VP.  
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CHAPTER 2† 
 
DIRECTED SELF-ASSEMBLY OF BLOCK COPOLYMER THIN FILMS USING 
MINIMAL TOPOGRAPHIC PATTERNS 
 
 
2.1 Introduction 
The self-assembly of block copolymers (BCPs) in thin films has received 
considerable attention for many applications, including bit-patterned media1 and the 
generation of lithographic masks,2 due to the formation of highly ordered arrays of 
nanoscopic microdomains, like lamellae, cylinders, or spheres.3 However, without the use 
of an external field to bias the assembly, long-range lateral order is lacking with grains of 
ordered BCP nanostructures typically only several microns in size, which limits many 
practical applications.4 To overcome this issue, a number of strategies to direct the self-
assembly, so-called directed self-assembly (DSA) methods, have been developed.5-8 
Among them, graphoepitaxy, i.e. the use of topographically patterned substrates, is one of 
the most widely used techniques.9-21 In this approach, the topographic patterns typically 
have a confinement depth (D) that is comparable to or larger than the domain spacing of 
BCPs (L0), so that the microdomains in films with thicknesses of one period or less can be 
trapped within confinement regions and lateral order can be controlled with relative ease. 
In this case, previous studies have shown that one of the key factors in controlling the 
lateral ordering is the confining edge.22-24 For example, Kramer and coworkers observed 
                                                          
†This chapter has been adapted with permission from J. Choi, J. Huh, K.R. Carter, and T.P. Russell, “Directed 
Self-Assembly of Block Copolymer Thin Films Using Minimal Topographic Patterns”, ACS Nano, 2016, 10, 
7915-7925. Copyright (2016) American Chemical Society. 
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that the confining edge, that is, the sidewall of the trench, imparted both orientational and 
translational order to hexagonal arrays of sphere microdomains, but the influence of the 
confining edge on lateral ordering decayed with increasing distance from the edge, 
resulting in poor ordering near the middle of the confinement.22, 23 As a result, the final 
grain size of BCP microdomains is limited by the confinement width (W). To overcome 
this limitation, chemically patterned substrates25-29 or a combination of topographic 
patterning with the epitaxial self-assembly30 have been developed, so that the grain size 
can be increased to 100 μm by 100 μm.26, 29 In an alternative approach, several types of 
minimal topographic patterns, such as shallow trenches,31, 32 dot patterns with low-
topography,33, 34 or sinusoidal patterns35 have been used in the DSA process. Compared to 
using the typical topographic patterns, the use of minimal topographic patterns can increase 
the final grain size of the microdomains by several orders of magnitude because the 
confinement D is much less than L0, allowing BCP microdomains to span across the 
patterned surface. More recently, some research groups have reported the combination of 
minimal topographic patterns (shallow trenches) with chemoepitaxy to overcome the 
patterning resolution challenges.36, 37 However, the unanswered questions still remain in 
the field of the DSA process using minimal topographic patterns. Previously, we have 
shown that the sapphire faceted substrates can direct the self-assembly of cylinder-forming 
BCP thin films, producing highly ordered hexagonal arrays38 or unidirectionally aligned 
line patterns39 over macroscopic length scales. This sapphire faceted substrate is one type 
of the minimal topographic patterns because the amplitudes of the facets, that is, the 
confinement D, are much less than L0. However, the major drawback of using this substrate 
is the difficulty of understanding the underlying guiding mechanism, in terms of the 
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commensurability between the pattern dimensions and L0 due to the distribution of the 
amplitudes and the pitches of the facets.  
Here, we present a novel approach to study the minimum amount of topographic 
patterning necessary to successfully guide the self-assembly of cylinder-forming BCP thin 
films. Minimal single trench patterns with different W and D were used to investigate the 
propagation of order of BCP microdomains away from the confining edge. Upon thermal 
annealing, the important observation was the propagation of hexagonal arrays of 
cylindrical microdomains oriented normal to the film surface away from the edges of a 
single trench. This propagation of the hexagonal arrays can be attributed to the gradient in 
the film thickness from the edges of the minimal single trench. Based on these results, we 
fabricated the minimally patterned trench surfaces by integration of the minimal single 
trench patterns with varying the pitch (P) of the trench that can be used to generate highly 
ordered hexagonal arrays over large areas. Moreover, we produced line patterns of 
cylindrical microdomains oriented parallel to the film surface by using solvent vapor 
annealing (SVA) on the minimally patterned trench surfaces for comparison. 
 
2.2 Experimental Methods 
2.2.1 Fabrication of Minimal Single Trench Patterns 
Si (100) wafers (International Wafer Service, Inc.) with a 2 nm native oxide layer 
were cleaned in acetone under sonication, followed by rinsing with isopropyl alcohol (IPA) 
and then, blown dry with nitrogen. Poly(methyl methacrylate) (PMMA) photoresist (950 
kg mol-1, Microchem Corp.) films with the thickness of 150 nm were prepared by spin-
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coating onto the silicon substrate and then, baked at 180 °C for 3 min. A total of 16 single 
trench patterns were exposed on the PMMA photoresist using EBL (JEOL JSM-7001F 
FESEM with JC Nabity nanometer pattern generation system) with an accelerating voltage 
of 30 kV, a beam current of 28 pA – 35 pA, and an area dose of 110 μC cm-2 – 220 μC cm-
2. All exposed patterns were developed in a 2:1 (v/v) mixture of IPA and methyl isobutyl 
ketone for 1 min, rinsed in IPA for 1 min, followed by thoroughly rinsing in running 
deionized water for 30 s and then, blown dry with nitrogen. After development, ICP-RIE 
(Trion Phantom III) with O2 plasma (21 W ICP, 26 W RIE, 100 mTorr, 35 sccm O2) was 
used to remove resist residues and then, CF4 plasma treatment (27 W ICP, 39 W RIE, 12 
mTorr, 40 sccm CF4) was performed to transfer the single trench patterns to the underlying 
silicon substrate. After pattern transfer, the residual PMMA photoresist was removed in 
acetone under sonication, followed by O2 plasma treatment (320 W ICP, 107 W RIE, 250 
mTorr, 49 sccm O2). 
 
2.2.2 Fabrication of Minimally Patterned Trench Surfaces 
The minimally patterned trench surfaces were also fabricated in the same fashion 
as the single trench patterns with an adjustment to the EBL operating conditions: an 
accelerating voltage of 30 kV, a beam current of 25 pA – 88 pA, and an area dose of 145 
μC cm-2 – 435 μC cm-2 were used. The size of each patterned surface was 100 μm by 100 
μm. 
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2.2.3 DSA of BCP Thin Films Under Thermal Annealing 
Both the minimal single trench patterns and minimally patterned trench surfaces 
were cleaned with the carbon dioxide snow jet, followed by UV-Ozone cleaning (UVO 
Cleaner Model 342, Jelight Company Inc.). PS-b-PEO (Mn = 20.0 kg mol
-1 for PS block 
and Mn = 6.5 kg mol
-1 for PEO block, PDI = 1.06) was purchased from Polymer Source, 
Inc. and used as received. PS-b-PEO thin films were prepared by spin-coating from 0.8 % 
(wt/v) PS-b-PEO solution in benzene onto the minimal single trench patterns or minimally 
patterned trench surfaces. Subsequently, the samples were annealed at 150 °C under 
vacuum for 1 day. Prior to thermal annealing, the thicknesses of PS-b-PEO films on the 
flat silicon substrate were ~39 nm, as measured by the ellipsometer (Model LSE, Gaertner 
Scientific Corp.). 
 
2.2.4 DSA of BCP Thin Films Under Solvent Vapor Annealing 
PS-b-PEO thin films were prepared by spin-coating from 0.8 % (wt/v) PS-b-PEO 
solution in benzene onto the minimally patterned trench surfaces. Before SVA, the film 
thicknesses on the flat silicon substrate were ~39 nm, as measured by the ellipsometer. 
SVA was performed in the sealed jar (volume of the jar = 46.5 cm3, surface area of THF = 
12.6 cm2, and surface area of water = 1.3 cm2) at room temperature. The PS-b-PEO thin 
films were pre-swollen in water vapor for 10 min to avoid dewetting, followed by SVA 
with THF and water vapor environment for 60 min. The in-situ thickness of the PS-b-PEO 
film on the flat silicon substrate during solvent vapor annealing (SVA) was monitored 
using the reflectometer (F20-UV, FILMETRICS Inc.).  
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2.2.5 Characterization 
The morphologies of PS-b-PEO thin films on the minimal topographic patterns 
were investigated by scanning force microscopy (SFM, Dimension 3100, Digital 
Instruments) operated in the tapping mode. The SFM tip has a pyramidal shape with a 
nominal radius of curvature of ~6 nm at the tip apex. Scanning electron microscopy (SEM) 
images of the minimally patterned trench surfaces were obtained using JEOL JSM-7001F 
FESEM operated with an acceleration voltage of 5 kV and 10 kV. 
To measure L0 of the PS-b-PEO in the bulk, small angle X-ray scattering (SAXS) 
measurements were done at the University of Massachusetts, Amherst using an in-house 
setup from Molecular Metrology Inc. It uses a 30 W microsource (Bede) with a 30 μm by 
30 μm spot size matched to a Maxflux optical system (Osmic) leading to a low-divergence 
beam of monochromatic CuKα radiation (wavelength λ = 0.1542 nm). For the preparation 
of SAXS samples, 10 wt % of PS-b-PEO solution in benzene was immersed in liquid 
nitrogen for 10 s and then, moved to a vacuum oven quickly. After drying at room 
temperature for 20 h, the sample was annealed at 150 °C under vacuum for 1 day and then, 
slowly cooled to room temperature. This bulk sample of the PS-b-PEO was collected onto 
a Kapton film. 
To investigate the propagation surface distances of hexagonal arrays and height 
variation across the single trenches, two SFM images, 3 μm by 3 μm in size, were randomly 
taken from each sample (single trench patterns from No. 1 to 16). These images were 
analyzed using Image-Pro Plus (Media Cybernetics) and NanoScope Analysis (Bruker 
Corp.) software. The defect density of line patterns on the minimally patterned trench 
surfaces was measured using ImageJ software. To do this, six SFM images, 5 μm by 5 μm 
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in size, were randomly selected from each sample. For the colorized grain maps of line 
patterns, SFM images were processed using MATLAB (MathWorks) and Image-Pro Plus 
(Media Cybernetics). The line edge roughness (LER) of the minimal single trench patterns 
and minimally patterned trench surfaces was analyzed using SuMMIT software (EUV 
Technology).  
 
2.3 Results and Discussion 
2.3.1 DSA of BCP Thin films on Minimal Single Trench Patterns 
We first examined the self-assembly behavior of cylinder-forming poly(styrene-b-
ethylene oxide) PS-b-PEO (Mn = 20.0 kg mol
-1 for PS block and Mn = 6.5 kg mol
-1 for PEO 
block) thin films on minimal single trench patterns. In the bulk, the observed L0 of PS-b-
PEO was 26.8 nm (Figure 2.1). Figure 2.2 shows the schematic illustration of the procedure 
for the DSA of PS-b-PEO thin films. Using electron-beam lithography (EBL) and 
inductively coupled plasma reactive ion etching (ICP-RIE), we fabricated minimal single 
trench patterns, with D < L0 in all cases, on the same silicon substrate having a native oxide 
layer to maintain the same experimental conditions such as the annealing temperature and 
the initial film thickness (Figure 2.2a). Next, PS-b-PEO thin films were prepared by spin-
coating from benzene solutions onto single trench patterns and subsequently annealed at 
150 °C under vacuum for 1 day (Figure 2.2b). The thicknesses of the films were ~39 nm 
(1.46L0), as measured on a flat silicon substrate prior to thermal annealing. After thermal 
annealing, the films showed two distinct regions of cylindrical microdomains associated 
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with the underlying single trench pattern. This is shown in Figure 2.2d, an enlargement of 
the dashed red square in Figure 2.2c: (1) a single trench region and (2) a propagation region. 
 
 
Figure 2.1 SAXS profile of PS-b-PEO. The scattering from PS-b-PEO showed a first-order 
reflection at q* = 0.2346 nm–1, corresponding to the domain spacing (L0 = 2π/q*) of 26.8 
nm. It is noted that the SAXS intensity showed the absence of higher-order peaks. 
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Figure 2.2 Schematic illustration of the DSA of BCP thin films on minimal single trench 
patterns. (a) Minimal single trench patterns were fabricated on the silicon substrate with a 
native oxide layer. The blue dashed square indicates the defined W and D of the trench. (b) 
PS-b-PEO thin films were prepared by spin-coating and then, thermally annealed at 150 
°C under vacuum for 1 day. (c) Thermally annealed PS-b-PEO thin films showed two 
distinct regions of cylindrical microdomains across the single trench patterns. (d) 
Schematic cross-sectional illustration of the two distinct regions from the red square in (c). 
 
Figure 2.3a–c show representative scanning force microscopy (SFM) phase (first 
row) and height (second row) images, and height profiles (third row) of thermally annealed 
PS-b-PEO thin films under the same annealing conditions on the single trench patterns with 
different W and D. As shown in the phase images (first row in Figure 2.3a–c), the PS-b-
PEO thin films produced two distinct regions of cylindrical microdomains over each single 
trench, as shown in the schematic illustration in Figure 2.2d. The first was in the single 
trench, where cylindrical microdomains showed different orientations: perpendicular 
(Figure 2.3a, W = 2.69L0, D = 0.31L0), a mixture of perpendicular and parallel (Figure 2.3b, 
W = 3.90L0, D = 0.56L0), and parallel (Figure 2.3c, W = 10.10L0, D = 0.55L0), depending 
on W and D. In the SFM phase images, the brighter and darker areas correspond to PS and 
PEO microdomains, respectively. Each inset shows a magnified image of the cylindrical 
microdomains in the single trench (blue region). The observed different orientations as a 
function of W and D are summarized in Table 2.1. It is noted that the fabricated single 
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trenches were designated as No. 1 to 16 (Figure 2.4 and Table 2.2), where our attempts to 
vary D with fixing W were unsuccessful due to our lithographic limitations. As seen in 
Table 2.1, for No. 1 and 2, cylindrical microdomains in the trench showed perpendicular 
orientation. Interestingly, for No. 3 to 8, cylindrical microdomains in the trench had a 
mixture of orientations, but, for No. 9 to 16, cylindrical microdomains with parallel 
orientation were observed in the trench. Indeed, in the case of cylindrical microdomains 
confined within trenches, a number of factors, such as the time of thermal annealing with 
the trench dimensions,40 the interplay of the film thickness and surface wetting 
characteristics,41 and the film thickness variations caused by the different trench 
dimensions,42, 43 can influence the orientation of cylindrical microdomains. In particular, 
as thermal annealing proceeds, there is continuous decrease in the thickness of BCP films 
across the trench pattern, namely, at the center of the trench, near the sidewall, and on the 
mesa due to the simultaneous process of the polymer flowing from the mesas into the trench 
and evaporation of the trapped solvent.42 On the basis of these factors, in our study, the 
change in the orientation of cylindrical microdomains can be thought of as a consequence 
of variation in thickness of the films in the single trench regions. Since both W and D were 
varied at the same time for 16 single trenches, the film thicknesses within the single 
trenches could be allowed to approach the critical film thickness that favors perpendicular 
(No. 1 and 2), a mixed of perpendicular and parallel (No. 3 to 8), or parallel (No. 9 to 16) 
orientation. All SFM images of thermally annealed PS-b-PEO thin films on minimal single 
trench patterns are shown in Figure 2.5 and 2.6. 
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Figure 2.3 Directed BCP thin films on minimal single trench patterns. (a–c) First row 
shows representative SFM phase images of thermally annealed PS-b-PEO thin films on 
minimal single trench patterns with different W and D. Each inset shows a magnified image 
of cylindrical microdomains in the single trench (blue region), exhibiting perpendicular (a), 
a mixture of perpendicular and parallel (b), and parallel (c) orientation. The second row 
presents respective SFM height images of the first row. Scale bars, 200 nm. The third row 
corresponds to respective height profiles of the second row.   
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Table 2.1 Orientation of cylindrical microdomains in the single trench region for 16 
different trench dimensions. 
 
 
 
 
 
  
No. W (nm) D (nm) Orientation 
1 2.52L0 0.20L0 
perpendicular 
2 2.69L0 0.31L0 
3 3.32L0 0.35L0 
a mixed of 
perpendicular and parallel 
4 3.62L0 0.50L0 
5 3.75L0 0.54L0 
6 3.77L0 0.47L0 
7 3.80L0 0.52L0 
8 3.90L0 0.56L0 
9 4.04L0 0.45L0 
parallel 
10 4.41L0 0.47L0 
11 6.57L0 0.55L0 
12 7.47L0 0.56L0 
13 8.27L0 0.56L0 
14 8.85L0 0.54L0 
15 9.52L0 0.55L0 
16 10.10L0 0.55L0 
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Figure 2.4 Demonstration of minimal single trench patterns. (a) A total of 16 single trench 
patterns were fabricated on the same silicon substrate having a native oxide layer and 
designated as No. 1 to 16. The length of each pattern was 100 μm. The separation distance 
between the patterns was 300 μm. (b) SFM height images and height profiles of the single 
trench patterns. W and D of each pattern were measured by SFM and listed in Table 2.2. 
Scale bars, 300 nm. 
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Table 2.2 Characteristics of minimal single trench patterns, with gradual increases in W 
and D, with D < L0 in all cases. We note that the W was measured near the top of the trench. 
To analyze line edge roughness (LER) using SFM images, SuMMIT software was used. 
 
No. W (nm) D (nm) 
LER (nm) 
of single trench 
1 67.6 (2.52L0) 5.4 (0.20L0) 6.40 
2 72.0 (2.69L0) 8.3 (0.31L0) 6.08 
3 88.9 (3.32L0) 9.5 (0.35L0) 5.01 
4 97.1 (3.62L0) 13.5 (0.50L0) 3.81 
5 100.6 (3.75L0) 14.6 (0.54L0) 3.68 
6 101.0 (3.77L0) 12.6 (0.47L0) 4.68 
7 101.8  (3.80L0) 14.0 (0.52L0) 4.48 
8 104.4 (3.90L0) 14.9 (0.56L0) 4.39 
9 108.2 (4.04L0) 12.1 (0.45L0) 3.78 
10 118.1 (4.41L0) 12.6 (0.47L0) 3.32 
11 176.1 (6.57L0) 14.7 (0.55L0) 3.71 
12 200.1 (7.47L0) 14.9 (0.56L0) 2.81 
13 221.6 (8.27L0) 15.0 (0.56L0) 3.26 
14 237.2 (8.85L0) 14.6 (0.54L0) 3.93 
15 255.1 (9.52L0) 14.7 (0.55L0) 4.81 
16 270.7 (10.10L0) 14.8 (0.55L0) 4.30 
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Figure 2.5 SFM phase images of thermally annealed PS-b-PEO thin films on minimal 
single trench patterns with different W and D. Samples of No. 2, 8, and 16 are shown in 
Figure 2.3a–c (phase images), respectively. In the single trench region, cylindrical 
microdomains showed perpendicular (No. 1), a mixture of perpendicular and parallel (No. 
3 to 7), or parallel (No. 9 to 15) orientation. Scale bars, 300 nm. 
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Figure 2.6 (a–m) SFM height images of thermally annealed PS-b-PEO thin films on 
minimal single trench patterns with different W and D. Samples of No. 2, 8, and 16 are 
shown in Figure 2.3a–c (height images), respectively. Scale bars, 300 nm. (n) Data scale 
of SFM height images in (a–m). 
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As seen in the phase images of Figure 2.3a–c, another distinct feature was the 
propagation of the cylindrical microdomains oriented normal to the film surface away from 
the edges of a single trench to the outside of the trench. Here, the (10) planes of hexagonal 
arrays were oriented parallel to the direction of the trench. To determine the distance over 
which this orientation propagates away from the edges of the single trench, two SFM 
images, 3 μm by 3 μm in size, were randomly selected from each sample (Figure 2.7).  
 
Figure 2.7 Measurement of the propagation distance of cylindrical microdomains oriented 
normal to the film surface away from the edges of a single trench pattern. (a) Original SFM 
phase image. (b) Colorized SFM phase image. Blue and green indicate the single trench 
region and propagation region, respectively. The boundary, where the perpendicular 
orientation of cylindrical microdomains changes to the parallel orientation after a given 
distance from the edge of a single trench, is defined as the end of the propagation region. 
The standard deviation of the measured propagation distance was large, as shown in Figure 
2.8a, in particular No. 3 to 16, due to the variation in the propagation distance along the 
single trench pattern. 
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Figure 2.8 Directed BCP thin films on minimal single trench patterns. (a) Propagation 
surface distance of hexagonal arrays of cylindrical microdomains oriented normal to the 
film surface away from the edges of a single trench. (b) Measured variation in height 
between the middle of the single trench region and flat surface. The x-axis in (a) and (b) 
shows the designated single trench patterns from Nos. 1 to 16.  
 
As shown in Figure 2.8a, in the case of No. 1 and 2, they showed nearly the same 
propagation distance (left (black square) and right (red circle)), but, in the case of No. 3 
through 16, the propagation distance was markedly increased with showing large 
deviations. From the height images and profiles (second and third row in Figure 2.3a–c), it 
is seen that the underlying single trench patterns led to variation in the thickness of PS-b-
PEO films across the trenches without a breakage in the films, due to the minimal geometry 
of the trench (D < L0), so that the surfaces of the films were not flat. To measure the 
variation in height between the middle of the single trench region and the flat surface, two 
SFM images, 3μm by 3 μm in size, were taken from each sample. As shown in Figure 2.8b, 
for No. 1 and 2 (relatively small trench dimensions), the variation between the two regions 
was less than ~2 nm. Interestingly, the variation abruptly increased to ~6 nm for No. 3 and 
showed fluctuations between No. 3 to 8, whereas, between No. 9 to 16, the variation 
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gradually increased. In all cases, these variations can be attributed to the polymer flowing 
from the outside of the trench into the single trench region due to the increased mobility of 
the polymer and capillary action during thermal annealing.44-46 It should be noted that the 
orientation of the cylindrical microdomains in BCP thin films is very sensitive to the film 
thickness.47, 48 Therefore, the observed propagation of cylindrical microdomains oriented 
normal to the film surface away from the edges of the single trench is related to the gradient 
in the film thickness from the edges of the trench (height profiles in Figure 2.3a–c). In other 
words, with decreasing the film thickness from the outside of the trench to near the edges 
of the single trench, the orientation of cylindrical microdomains changes from parallel to 
perpendicular due to frustration arising from the incommensurability between the film 
thickness and L0. This observation agrees well with the thickness-induced transition in the 
orientation of cylindrical microdomains in poly(styrene-b-methyl methacrylate) (PS-b-
PMMA) thin films at the edge of island structures.49 Also, similar effects of the film 
thickness on the abrupt transition in the orientation of cylindrical microdomains were 
reported on PS-b-PMMA films confined within the deep trench patterns43, 44, 50 and near 
the nanoparticles embedded in PS-b-PMMA thin films.51 However, we note that the 
relationship between the propagation distance of hexagonal arrays and the gradient in the 
film thickness remains unclear. 
Based on observations in the minimal single trench experiments, the propagated 
hexagonal arrays of cylindrical microdomains away from the edges of the single trenches 
were predicted to overlap at a minimum separation distance between two parallel single 
trenches, generating hexagonal arrays over large areas without producing cylindrical 
microdomains oriented parallel to the film surface. To do this, cylindrical microdomains 
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in the single trench regions must be oriented normal to the film surface. The minimal 
change in height between the single trench region and the flat surface is necessary, since a 
large change in height near the edge of the trench can produce a grain boundary.22 As a 
result, the conditions of pattern No. 1 and 2 can be regarded as a target to design minimally 
patterned trench surfaces by varying P of the trench. The minimum P was determined to 
be ~150 nm by considering the propagation distances (left and right) of pattern No. 1 and 
2 in Figure 2.8a. Consequently, we fabricated minimally patterned trench surfaces with 
four different dimensions (Figure 2.9 and 2.10 and Table 2.3) to validate the predictions. 
We note that our attempts to vary P with fixing both W and D were unsuccessful due to our 
lithographic limitation, such as the proximity effect in EBL process. 
 
 
Figure 2.9 SFM height images and height profiles of minimally patterned trench surfaces. 
P, W and D of each pattern were measured by SFM and listed in Table 2.3. Scale bars, 300 
nm. 
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Table 2.3 Characteristics of minimally patterned trench surfaces used to direct the self-
assembly of PS-b-PEO thin films. We note that W was measured near the top of the trench. 
To analyze LER using SFM images, SuMMIT software was used. 
 
 P (nm) W (nm) D (nm) 
LER (nm) 
of trench 
Figure 2.9a 154 (5.75L0) 33.8 (1.26L0) 8.0 (0.30L0) 4.08 
Figure 2.9b 340 (12.69L0) 52.7 (1.97L0) 8.0 (0.30L0) 3.46 
Figure 2.9c 505 (18.84L0) 57.8 (2.16L0) 8.0 (0.30L0) 4.52 
Figure 2.9d 673 (25.11L0) 48.5 (1.81L0) 6.1 (0.23L0) 8.60 
 
 
 
 
 
Figure 2.10 Cross-sectional (45° tilted) SEM images of minimally patterned trench 
surfaces with (a) P = 5.75L0, W = 1.26L0, D = 0.30L0 and (b) P = 18.84L0, W = 2.16L0, D 
= 0.30L0. Scale bars, 100 nm. 
 
 
 59 
 
2.3.2 DSA of BCP Thin films on Minimally Patterned Trench Surfaces 
 
Figure 2.11 Directed BCP thin films on minimally patterned trench surfaces. (a–c) First 
row shows SFM phase images of thermally annealed PS-b-PEO thin films on minimally 
patterned trench surfaces with different dimensions. The arrows of each image indicate the 
underlying trenches, where a single row of PEO cylinders oriented normal to the film 
surface exists. The inset of each image shows the corresponding 2-D FFT. The second row 
presents respective SFM height images of the first row. Scale bars, 200 nm. 
 
Figure 2.11a–c show SFM phase (first row) and height (second row) images of 
thermally annealed PS-b-PEO thin films on the minimally patterned trench surfaces with 
P = 5.75L0, W = 1.26L0 (Figure 2.11a), P = 12.69L0, W = 1.97L0 (Figure 2.11b), and P = 
18.84L0, W = 2.16L0 (Figure 2.11c), while D was fixed at 0.30L0. It is noted that thermal 
annealing was performed in the same manner as the single trench experiments. As shown 
in the phase images of Figure 2.11a–c, when P was increased from 5.75L0 to 18.84L0, the 
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distance over which the orientation of the cylindrical microdomains normal to the film 
surface propagated away from the edges of the trench overlapped on the mesas, eventually 
producing laterally ordered hexagonal arrays with few defects within the entire surfaces of 
~100 μm by 100 μm for each sample. This behavior is identical to our prediction and can 
be related to pattern amplification, where the self-assembly of PS-b-PEO amplifies, i.e. 
effectively reduces, the minimum dimension to the repeat period of PEO cylinders, i.e. by 
a factor of 6 (Figure 2.11a), 11 (Figure 2.11b), and 17 (Figure 2.11c), respectively. It was 
also found that the surfaces of the films (height images in Figure 2.11a–c) were nearly flat, 
where the root mean square (RMS) roughness was less than 1.0 nm, as shown in Figure 
2.12.  
 
Figure 2.12 RMS roughness of PS-b-PEO thin films on the minimally patterned trench 
surfaces (height images in Figure 2.11a−c, respectively) was measured by SFM. Each 
measured area was 3 μm by 3 μm. 
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The 2-D fast Fourier transform (FFT) in the inset of each phase image in Figure 
2.11a–c shows not only six sharp first-order peaks, but also multiple higher-order peaks, 
indicating characteristic of very highly ordered hexagonal arrays of the microdomains. As 
indicated by arrows in Figure 2.11a–c, it is noteworthy that a single row of PEO cylinders 
oriented normal to the film surface was formed in the trench regions, while the size of PEO 
cylinders appeared smaller with increasing W. This smaller size could be attributed to 
frustration arising from the incommensurability between the W and L0. The values of W of 
1.97L0 (Figure 2.11b) and 2.16L0 (Figure 2.11c), which are closer to 2L0, more favor two 
rows of PEO cylinders in the trench, but there is only a single row of cylinders, imposing 
a large chain stretching on the polymer. Therefore, cylindrical microdomains relieve the 
imposed frustration of chain packing at a given W by decreasing the size of PEO cylinders. 
Figure 2.13 shows the schematic illustration of the proposed mechanism for the generation 
of hexagonal arrays of PS-b-PEO microdomains over large areas by using the minimally 
patterned trench surfaces, where P of the minimal single trench is varied. 
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Figure 2.13 Schematic illustration of the proposed mechanism for the generation of 
laterally ordered hexagonal arrays by using the minimally patterned trench surface. 
 
 
 
Figure 2.14 (a–c) Orientational correlation function, G6(r), was calculated from thermally 
annealed PS-b-PEO thin films (phase images in Figure 2.11a–c), where r is the distance 
and a is the average domain spacing. 
 
Figure 2.14 show the orientational order of the hexagonal arrays, which was 
calculated from the SFM phase images in Figure 2.11a–c using the orientational correlation 
function, G6(r).
52 The values of G6(r) are 0.83 (Figure 2.14a), 0.81 (Figure 2.14b), and 0.84 
(Figure 2.14c), respectively, where the value of G6(r) for a perfect hexagonal lattice is 1. 
Each G6(r) decays very little (Figure 2.14a) or does not decay (Figure 2.14b and 2.14c) 
over the average domain spacing of 100, indicating the presence of long-range orientational 
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order in this range. We also used the translational correlation function, GT(r),
52 to calculate 
the translational order of the hexagonal arrays, as shown in Figure 2.15. For the patterned 
surface with P = 5.75L0, W = 1.26L0, D = 0.30L0 (phase image in Figure 2.11a), the 
hexagonal arrays showed quasi-long-range translational order over the average domain 
spacing of 30. It should be noted that thermal drift distortions in SFM images can influence 
the calculation of translational order.53  
 
Figure 2.15 Translational correlation function, GT(r), was calculated from the thermally 
annealed PS-b-PEO thin film (phase image in Figure 2.11a). A real 2D crystal will have 
quasi-long-range translational order that can be described by 𝐺𝑇(𝑟) ∝ (
𝑟
𝑎
)
−𝜂𝑇
, where r is 
the distance, a is the average domain spacing, and ηT is the fitting parameter. In the case of 
the ordered crystal phase, the value of ηT will be in the range of 0.25 to 0.33. For the 
hexagonal arrays on the patterned surface with P = 5.75L0, W = 1.26L0, D = 0.30L0, GT(r) 
could be described by a power law with ηT of 0.31, indicating the presence of quasi-long-
range translational order over the average domain spacing of 30. 
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The transition in the orientation of cylindrical microdomains between the 
minimally patterned trench surface and unpatterned surface at four different edges (left, 
right, top, and bottom) was examined, as shown in Figure 2.16a. It should be noted that the 
cylindrical microdomains far away from the patterned surface were oriented predominantly 
parallel to the film surface because of the preferential interaction between the PEO block 
and the oxide layer on the silicon substrate (Figure 2.16b). Figure 2.16c shows SFM phase 
images of the cylindrical microdomains at four different edges of the minimally patterned 
trench surface with P = 18.84L0, W = 2.16L0, D = 0.30L0. It was evident that the orientation 
of the cylindrical microdomains changed after a given distance (left and right image in 
Figure 2.16c). This behavior was observed in the propagation region in the minimal single 
trench experiments. Also, without the direct influence of the edge of the trench, the same 
propagation phenomenon was observed at both the top and bottom edges. These results 
show the effect of the minimally patterned trench surfaces on the orientation of cylindrical 
microdomains and demonstrate how highly ordered hexagonal arrays can be achieved over 
large areas. However, in our study, when P = 25.11L0, W = 1.81L0, D = 0.23L0, mixed 
orientations (perpendicular and parallel) were observed (Figure 2.16d). 
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Figure 2.16 Transition in the orientation of cylindrical microdomains between the 
minimally patterned trench surface and unpatterned surface. (a) Schematic illustration of 
four different edges (left, right, top, and bottom) on the patterned surface. (b–d) SFM phase 
images of thermally annealed PS-b-PEO thin films at different areas. (b) Cylindrical 
microdomains far away from the patterned surface. (c) Cylindrical microdomains at four 
different edges on the patterned surface with P = 18.84L0, W = 2.16L0, and D = 0.30L0. (d) 
Cylindrical microdomains at the right edge and middle area on the patterned surface with 
P = 25.11L0, W = 1.81L0, and D = 0.23L0. Scale bars, 300 nm. 
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We further studied the influence of the minimally patterned trench surface on the 
lateral ordering of line pattern of cylindrical microdomains oriented parallel to the film 
surface. In the first step, PS-b-PEO thin films were prepared onto the minimally patterned 
trench surfaces. Then, SVA was performed using tetrahydrofuran (THF), a good solvent 
for both blocks, and water, a selective solvent for PEO block. The initial film thicknesses 
were 1.46L0, which are identical to the film thicknesses in thermal annealing experiments. 
To prevent the films from dewetting during SVA, the PS-b-PEO thin films were pre-
swollen in water vapor for 10 min (Figure 2.17).  
 
Figure 2.17 Swelling behavior, where the swollen thickness (t) is divided by the initial 
film thickness (t0), of the PS-b-PEO thin film on the flat silicon substrate exposed to THF 
and water vapors after pre-swelling in water vapor for 10 min. 
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Figure 2.18 Time evolution of SFM phase images of PS-b-PEO thin films exposed to THF 
and water vapors on the minimally patterned trench surface with P = 5.75L0, W = 1.26L0, 
and D = 0.30L0. SFM images of 40, 60, and 70 min annealed samples were overlaid with 
the colorized grain maps. The arrow in each image indicates the underlying trench direction. 
The color wheel in the 70 min sample shows the orientation of line patterns of cylindrical 
microdomains. Scale bars, 200 nm. 
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Figure 2.18 shows SFM phase images of solvent vapor annealed PS-b-PEO thin 
films on the minimally patterned trench surface with P = 5.75L0, W = 1.26L0, D = 0.30L0 
at different annealing times. An interesting feature was that initial hexagonal arrays of 
cylindrical microdomains oriented normal to the film surface began to change into line 
patterns of cylindrical microdomains oriented parallel to the film surface by connecting 
with adjacent PEO microdomains at the early stage of SVA (15 min). This observation is 
consistent with our previous results.31, 39, 54 Recently, Mokarian-Tabari et al. has 
demonstrated that the transition in the orientation of cylindrical microdomains in PS-b-
PEO thin films from perpendicular to parallel is related to the swelling during SVA process, 
reaching a critical thickness which favors parallel orientation.55 For the 40 min annealed 
sample, the orientation of cylindrical microdomains were completely changed to being 
parallel to the surface, where SFM image were overlaid with the colorized grain map 
(Figure 2.19). In addition, the grain coarsening of the microdomains with annihilation of 
defects such as disclinations and dislocations was observed with increased SVA time, 
finally producing highly aligned line patterns of cylindrical microdomains (70 min), which 
are parallel to the underlying trench direction. However, when the initial film thickness 
was increased from 1.46L0 to 1.72L0, the minimally patterned trench surface with P = 
5.75L0, W = 1.26L0, D = 0.30L0 generated fingerprint patterns of cylindrical microdomains, 
as shown in Figure 2.20. This result indicates that the film thickness is also important 
parameter to direct the self-assembly process. Similar effects of the film thickness were 
reported for hexagonal arrays of PS-b-PEO microdomains on the sinusoidal patterns35 and 
the sapphire faceted substrates.38 
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Figure 2.19 Demonstration of the image processing to colorize the orientation of line 
patterns of cylindrical microdomains oriented parallel to the film surface on the minimally 
patterned trench surface. (a) Original SFM phase image. (b) SFM image was converted to 
8-bit gray scale image. (c) High-Pass filtering was applied to 8-bit gray scale image. (d) 
Filtered image was processed using MATLAB. (e) Low-Pass filtering was used for blurring 
the image. (f) Original SFM image was overlaid with the blurred image. 
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Figure 2.20 SFM phase image of the solvent-vapor annealed PS-b-PEO thin film on the 
minimally patterned trench surface with P = 5.75L0, W = 1.26L0, D = 0.30L0. The film 
thickness prior to SVA was ~46 nm (1.72L0). Scale bar, 300 nm. 
 
Figure 2.21a–c show SFM phase images of solvent vapor annealed PS-b-PEO thin 
films under the same annealing conditions on the minimally patterned trench surfaces with 
different dimensions. In contrast to guiding the hexagonal arrays of cylindrical 
microdomains oriented normal to the film surface, the influence of the minimally patterned 
trench surface on directing the self-assembly of line patterns of cylindrical microdomains 
oriented parallel to the film surface diminished as the P and W increase at the fixed D of 
0.30L0. As seen in Figure 2.21a, the highly aligned line patterns with very few defects were 
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achieved on the patterned surface with P = 5.75L0, W = 1.26L0, D = 0.30L0. However, 
discernible defects began to increase on the patterned surface with P = 12.69L0, W = 1.97L0, 
D = 0.30L0 (Figure 2.21b). As a result, the line patterns of cylindrical microdomain were 
partially aligned with the underlying patterned surface with P = 18.84L0, W = 2.16L0, D = 
0.30L0, showing many defects, such as dislocations and disclinations (Figure 2.21c). To 
measure defect density of line patterns of cylindrical microdomains, six SFM images were 
randomly selected from each sample. The size of each image was 5 μm by 5 μm. As shown 
in Figure 2.21d, the line patterns exhibited very few defects less than 0.1 μm–2 on the 
patterned surface with P = 5.75L0, W = 1.26L0, D = 0.30L0. The defect density of line 
pattern increased slightly to ~0.1 μm–2 on the patterned surface with P = 12.69L0, W = 
1.97L0, D = 0.30L0. However, the defect density increased rapidly to ~17 μm–2 on the 
patterned surface with P = 18.84L0, W = 2.16L0, D = 0.30L0. Since both P and W are varied 
at the same time at the fixed D of 0.30L0, it is unclear to determine which dimension has a 
strong influence on increase in the defect density of line pattern. However, from these 
results, the minimally patterned trench surface appears more effective in guiding hexagonal 
arrays of cylindrical microdomains oriented normal to the film surface than line patterns 
of cylindrical microdomains oriented parallel to the film surface although these BCP 
microdomains were produced by the different annealing methods (thermal annealing and 
SVA).  
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Figure 2.21 (a–c) SFM phase images of solvent-vapor annealed PS-b-PEO thin films on 
minimally patterned trench surfaces with different dimensions. Scale bars, 200 nm. (d) 
Average defect density of line patterns of cylindrical microdomains on the patterned 
surfaces. 
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2.4 Conclusions 
In summary, we have demonstrated the effect of the minimally patterned trench 
surfaces on the lateral ordering of cylindrical microdomains in PS-b-PEO thin films under 
thermal annealing or SVA. For thermal annealing experiments, the minimal single trench 
patterns with different W and D (with D < L0) were used to explore the propagation of order 
of PS-b-PEO microdomains away from the edges of the trench that can determine the 
minimum P of the trench necessary to direct the self-assembly process. For PS-b-PEO thin 
films on the flat silicon substrate, cylindrical microdomains were oriented parallel to the 
film surface due to the preferential interaction of the PEO block with the oxide layer on the 
silicon substrate. However, for this film thickness on the minimal single trench patterns, 
the underlying trench resulted in the film thickness variation over the trench, leading to 
two distinct regions (single trench and propagation) of cylindrical microdomains. Within 
the single trench region, the different dimensions of each single trench pattern play an 
important role for approaching the critical thickness of BCP films that can favor 
perpendicular, a mixed of perpendicular and parallel, or parallel orientation of cylindrical 
microdomains. As a result, the perpendicular orientation could be achieved in the single 
trench region when W = 2.52L0 with D = 0.20L0 or W = 2.69L0 with D = 0.31L0. However, 
in the propagation region, we found that hexagonal arrays of cylindrical microdomains 
oriented normal to the film surface propagated away from the edges of the single trench. 
This can be attributed to the gradient in the film thickness from the edges of the single 
trench, imposing frustration on BCP microdomains arising from the incommensurability 
between the film thickness and L0. Based on these observations, the key to success in 
overlapping the propagated hexagonal arrays of cylindrical microdomains was integration 
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of minimal single trench patterns by varying P of the trench. Our results show that the 
dimensions of minimally patterned trench surfaces required to generate laterally ordered 
hexagonal arrays were the D of 0.30L0 with the W in the range of 1.26L0 to 2.16L0 and the 
P as long as 18.84L0. Moreover, we produced line patterns of cylindrical microdomains by 
using SVA on the minimally patterned trench. However, unlike guiding the hexagonal 
arrays, the guiding effect of the minimally patterned trench surface on the line patterns 
decreased as the P and W increase at the fixed D of 0.30L0. We achieved highly ordered 
line patterns of cylindrical microdomains only on the patterned surface with P = 5.75L0, W 
= 1.26L0, D = 0.30L0. Thus, it is likely that the minimally patterned trench surface is more 
effective in directing the self-assembly of hexagonal arrays than that of line patterns in 
BCP thin films.  
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CHAPTER 3‡ 
 
GISAXS STUDY OF MACROSCOPICALLY ORDERED HEXAGONAL 
ARRAYS PRODUCED BY DIRECTED SELF-ASSEMBLY OF BLOCK 
COPOLYMERS WITH MINIMAL TOPOGRAPHIC PATTERNS 
 
3.1 Introduction 
The directed self-assembly (DSA) of block copolymers (BCPs) has attracted 
widespread interest, since it has enabled the generation of highly ordered arrays of the 
nanoscopic microdomains, such as lamellae, cylinders, or spheres, with feature sizes of 10 
to 50 nm over large areas.1, 2 There has been extensive research in this area due to the 
promise of achieving 2-D patterns that may be used for the fabrication of magnetic bit-
patterned media (BPM) and semiconductor devices.3-9 For these applications, it is 
important to control the lateral ordering, as well as the orientation and placement of BCP 
microdomains.1, 10 The lateral ordering of BCP microdomains in thin films can be 
controlled by external fields, such as graphoepitaxy,11 chemical patterning of surfaces,12 
shearing,13 and zone annealing.14 Among these methods, graphoepitaxy, where surface 
topography is used to guide the self-assembly process, can be further divided into the use 
of deep15-24 or minimal25-33 topographic patterns depending on the vertical length scale of 
the confinement depth. More specifically, deep topographic patterns have a confinement 
depth that is comparable to or larger than the natural period of the BCP (L0). When BCP 
thin films with thicknesses of a single period or less are prepared on deep topographic 
                                                          
‡This chapter has been adapted from J. Choi, I. Gunkel, Y. Li, Z. Sun, F. Liu, H. Kim, K. R. Carter, and T. 
P. Russell, “Macroscopically Ordered Hexagonal Arrays by Directed Self-Assembly of Block Copolymers 
with Minimal Topographic Patterns” The manuscript to be submitted for publication, 2017. 
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patterns, followed by solvent vapor annealing (SVA) or thermal annealing, the self-
assembled BCP microdomains can be trapped in the confinement regions, allowing lateral 
control over the spatial arrangement of the microdomains. In this case, depending on the 
type of BCPs, surface chemistry is required to control the interfacial interaction between 
the BCP and surface of the confinement region that allows the desired orientation and 
alignment of the microdomains to be achieved.34 However, the effect of deep topographic 
patterns on the lateral ordering of BCP microdomains generally decreases as the 
confinement width increases.35 Consequently, the final grain size of highly ordered or 
aligned BCP microdomains is restricted by the optimized confinement width. In contrast, 
the use of minimal topographic patterns enables BCP microdomains to significantly 
increase their final grain size because the confinement depth is much less than L0, allowing 
the microdomains to exist both inside and outside of the confinement regions over the 
patterned surface while maintaining good placement accuracy and lateral ordering.33 
Surface chemistry may also be required on the minimal topographic patterns to promote 
the lateral ordering depending on the type of BCPs.27 
Laterally ordered BCP microdomains in thin films guided by deep or minimal 
topographic patterns can be examined by scanning electron microscopy (SEM) or scanning 
force microscopy (SFM). However, both techniques are limited to investigating the local 
ordering within an area of several square microns. Alternatively, one can use grazing 
incidence small angle X-ray scattering (GISAXS) which provides statistically averaged 
information on the internal structure and lateral ordering of BCP microdomains in thin 
films over macroscopic length scales.36-41 The use of GISAXS to study BCP microdomains 
guided by topographic patterns was performed by Kramer and co-workers.42, 43 However, 
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despite the advantages of GISAXS, relatively little attention has been given to its use for 
studying BCP microdomains guided by topographic patterns. For deep topographic 
patterns, one of the main reasons for this is the size of the patterned surfaces. Many 
substrates patterned by electron beam lithography (EBL) have been used to direct the self-
assembly of BCP thin films, but the sizes of the patterned surfaces are generally smaller 
than that of the footprint of the X-ray beam, causing difficulties in GISAXS measurements. 
However, Maret and co-workers recently reported using GISAXS to investigate hexagonal 
arrays of cylindrical microdomains in poly(styrene-b-methyl methacrylate) (PS-b-PMMA) 
thin films guided by a deep trench pattern.44 In this case, the patterned surface (10 × 1 mm2 
in size, with a stitching error of ~6 nm at every 33 μm) allowed the X-ray beam to align 
with the hexagonal arrays on the deep trench pattern, showing that the (10) planes of 
hexagonal arrays were oriented parallel to the trench direction. However, they did not rotate 
a sample stage to study hexagonal arrays further. Berggren and co-workers also used 
GISAXS to confirm the lateral ordering of bilayer stacks of orthogonal line patterns of 
poly(styrene-b-dimethylsiloxane) (PS-b-PDMS) microdomains guided by a deep trench 
pattern (sized of 12 × 12 mm2).45 In this case, depending on the X-ray beam alignment 
direction, different scattering peaks were observed due to the mesh-shaped PDMS line 
patterns. For minimal topographic patterns, Russell and co-workers studied the lateral 
ordering of cylindrical microdomains of poly(styrene-b-ethylene oxide) (PS-b-PEO) thin 
films on faceted sapphire30, 46 and silicon47 substrates using GISAXS. Since the area of 
both surfaces was sufficiently large (several square centimeters) to perform GISAXS, well-
defined hexagonal arrays30 and line patterns46, 47 over macroscopic length scales could be 
investigated. Nevertheless, there has been little research on the investigation of BCP 
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microdomains on topographic patterns using GISAXS and, in particular, no systematic 
investigation of how hexagonal arrays of cylindrical microdomains exist on topographic 
patterns. 
In this work, we report a strategy for producing macroscopically ordered hexagonal 
arrays of cylindrical microdomains in PS-b-PEO thin films using a minimal trench pattern 
with SVA, where the trench depth of 11 nm (0.3L0) was found to be effective to guide the 
self-assembly of PS-b-PEO thin films. The hexagonal arrays of cylindrical microdomains 
on minimal trench patterns were systematically investigated through the use of GISAXS 
with a rotation of the sample stage, providing insights into the morphological characteristic 
and lateral ordering of hexagonal arrays of cylindrical microdomains guided by 1-D 
topographic patterns, such as the minimal trench pattern discussed here. We also 
investigated the GISAXS patterns of hexagonal arrays of cylindrical microdomains in PS-
b-PEO thin films on an unpatterned flat substrate for comparison. 
 
3.2 Experimental Methods 
3.2.1 Materials 
Poly(styrene-b-ethylene oxide) (PS-b-PEO) (Mn = 32.0 kg mol
−1 and Mn = 11.0 kg 
mol−1 for PS and PEO blocks, respectively, PDI = 1.06) was purchased from Polymer 
Source, Inc. and used as received. Benzene (anhydrous, 99.8%) and tetrahydrofuran (THF) 
(anhydrous, ≥99.9%, inhibitor-free) were purchased from Sigma-Aldrich. Each material 
was used without further purification. Epoxy permanent resist version 142, samples A-Z 
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was supplied from Microchem Corp. for the fabrication of silsesquioxane (SSQ)-based 
films. 
 
3.2.2 Fabrication of Minimal Trench Patterns 
Nanoimprint molds consisting of “hardened” crosslinked PDMS elastomer (h-
PDMS) were replicated from a silicon master mold having the pitch of 140 nm, the line 
width of 70 nm, and the height of 50 nm using the previously demonstrated method.48 SSQ-
based films were prepared by spin-coating from propylene glycol monomethyl ether 
acetate (20 wt%) at 2000 rpm for 60 s onto silicon substrates (orientation of (100), 
University Wafer, Inc.). The thicknesses of the as-spun SSQ-based films were 274 ± 4 nm. 
These SSQ-based films were imprinted and UV cured with the h-PDMS mold by using the 
nanoimprinter (NX-2000, Nanonex) operating at 80 psi for 5 min. To reduce pattern 
dimensions, the patterned SSQ-based films, i.e. the nanoimprinted trench patterns, were 
annealed at 500 °C in air for 2 h, finally producing the minimal trench patterns. 
 
3.2.3 DSA of BCP Thin Films 
The minimal trench patterns were cleaned with carbon dioxide snow jet, followed 
by UV-Ozone cleaning (UVO cleaner model 342, Jelight Company Inc.). PS-b-PEO thin 
films were prepared by spin-coating from 0.8% (w/v) PS-b-PEO solution in benzene onto 
the minimal trench patterns. Prior to SVA, the thicknesses of PS-b-PEO films on the flat 
silicon substrate were ~36 nm, as measured by the ellipsometer (model LSE, Gaertner 
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Scientific Corp.). SVA was performed at room temperature in a sealed glass jar (volume 
of the jar = 46.5 cm3, surface area of THF = 12.6 cm2, and surface area of water = 1.3 cm2). 
The PS-b-PEO thin films were pre-swollen in water vapor for 10 min to avoid dewetting, 
followed by SVA in THF and water vapors for 60 min. The swelling of PS-b-PEO films 
was characterized by measuring the swollen thickness of a film on a flat silicon substrate 
during SVA in real time using the reflectometer (F20-UV, FILMETRICS Inc.). 
 
3.2.4 Characterization 
Scanning force microscopy (SFM) images of solvent-vapor-annealed PS-b-PEO 
thin films were obtained using a SFM (Dimension 3100, Digital Instruments) operated in 
the tapping mode. The SFM tip has a pyramidal shape with a nominal radius of curvature 
of ~6 nm at the tip apex. Scanning electron microscopy (SEM) images of the nanoimprinted 
trench patterns and minimal trench patterns were obtained using a JEOL JSM-7001F 
FESEM operated with an acceleration voltage of 10 and 15 kV. Water contact angles were 
measured using a VCA Optima surface analysis/goniometry system with a droplet volume 
of 1.0 μL.  
To determine L0 of PS-b-PEO in the bulk, small angle X-ray scattering (SAXS) 
measurements were performed at the University of Massachusetts, Amherst using an in-
house setup from Molecular Metrology Inc. It uses a 30 W microsource (Bede) with a 30 
μm by 30 μm spot size matched to a Maxflux optical system (Osmic), leading to a low-
divergence beam of monochromatic Cu Kα radiation (wavelength λ = 0.1542 nm). 
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Grazing incidence small angle X-ray scattering (GISAXS) measurements were 
performed at Beamline 7.3.3 at the Advanced Light Source, Lawrence Berkeley National 
Laboratory, at a constant X-ray energy of 10 keV.49 The sample-to-detector distance was 
calibrated using a silver behenate standard. Scattering images were collected on a Pilatus 
2M 2-D pixel detector (Dectris). During GISAXS measurements on the solvent-vapor-
annealed PS-b-PEO thin films on the minimal trench patterns, the sample stage was rotated 
about the surface normal, where the rotation angle of Ψ = 0° is defined when the X-ray 
beam is aligned with the underlying trench direction, which coincides with the (10) planes 
of hexagonal arrays. Then, the sample stage was rotated 30°, 60°, and 90° to collect 
scattering images at different sample rotations. The incident angle (αi) was varied between 
0.02° and 0.20°. For the solvent-vapor-annealed PS-b-PEO thin films on the flat silicon 
substrates, the X-ray beam was first aligned with an arbitrary direction on the substrate. 
From this point, the sample stage was rotated 30°, 60°, and 90°. At all Ψ, αi was set at 
0.18°. 
 
3.3 Results and Discussion 
3.3.1 DSA of BCP Thin Films on Unpatterned Flat Substrates and Minimal Trench 
Patterns 
We first prepared PS-b-PEO (L0 = 35.8 nm in the bulk, Figure 3.1) thin films with 
a thickness of ~36 nm (~L0) by spin-coating from benzene solutions onto the flat silicon 
substrates. The films were then solvent-vapor annealed using tetrahydrofuran (THF), a 
good solvent for both blocks, and water, a selective solvent for the PEO block, to generate 
well-developed cylindrical microdomains oriented normal to the film surface. The PS-b-
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PEO thin films were initially pre-swollen in water vapor to avoid film dewetting during 
SVA (Figure 3.2). 
 
Figure 3.1 SAXS profile of a PS-b-PEO. The first-order reflection was observed at q* = 
0.1757 nm–1 corresponding to the natural period (L0 = 2π/q*) of 35.8 nm. It is noted that 
the higher-order peaks of the first-order reflection were not observed.  
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Figure 3.2 Swelling behavior of PS-b-PEO thin films on a flat silicon substrate, where the 
swollen film thickness (t) is divided by the initial film thickness (t0). The films were 
initially pre-swollen in water vapor for 10 min to avoid dewetting, followed by exposing 
to THF and water vapors for 60 min 
 
As seen in the SFM phase image (Figure 3.3a), when the films were annealed on 
flat silicon substrates, hexagonal arrays of cylindrical microdomains oriented normal to the 
film surface were produced. However, in this case, multiple grains were obtained, as 
evidenced by the 2-D fast Fourier transform (FFT) (inset of Figure 3.3a), which shows 
isotropic halos with several spots, indicating randomly oriented hexagonal arrays. To guide 
the self-assembly of these PS-b-PEO microdomains, we fabricated a minimal trench 
pattern with the depth of 11 nm (0.3L0), width of 106 nm (3.0L0), and pitch of 132 nm 
(3.7L0) using size reduction lithography.
50 It is noted that the surface of the minimal trench 
pattern is hydrophilic (Figure 3.4–6 and Table 3.1). Figure 3.3b shows the schematic 
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illustration of the DSA process. After fabrication of minimal trench patterns, PS-b-PEO 
thin films with the thickness of ~L0, as measured on a flat silicon substrate before SVA, 
were spin-coated from benzene solutions onto the patterned surfaces. Then, SVA was 
performed as described above to induce lateral ordering of hexagonal arrays of cylindrical 
microdomains. Figure 3.3c shows the SFM phase image of the solvent-vapor-annealed PS-
b-PEO thin film on the minimal trench pattern. In contrast to the hexagonal arrays on flat 
silicon substrates, the (10) planes of hexagonal arrays were aligned with the underlying 
trench direction, generating a single grain of microdomains with few defects. The 2-D FFT 
(inset of Figure 3.3c) shows six sharp first-order peaks with higher-order reflections, 
indicating a well-defined single hexagonal grain. This result shows that the minimal trench 
pattern with a confinement depth of 0.3L0 effectively directs the self-assembly of 
hexagonal arrays of cylindrical microdomains, despite the incommensurability between the 
trench pitch and L0 (Table 3.1). We obtained identical SFM images to those in Figure 3.3c 
with respect to the degree of ordering of the hexagonal arrays when many different areas 
were randomly scanned on the patterned surface of ~1 × 1 cm2. To quantitatively analyze 
the morphological characteristics and lateral ordering of the hexagonal arrays, we 
performed GISAXS measurements, as shown in Figure 3.3d. During the measurements, 
the sample stage was rotated about the surface normal to investigate the hexagonal arrays 
in more detail. Also, the incident angle (αi) was varied to compare the internal structure 
and surface morphology in PS-b-PEO thin films. As shown in Figure 3.3e, the rotation 
angle of Ψ = 0° is defined when the X-ray beam is aligned with the underlying trench 
direction, which coincides with the (10) planes of hexagonal arrays. Based on Ψ = 0°, the 
sample stage was rotated 30°, 60°, and 90°. Hexagonal symmetry dictates that the incoming 
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X-ray beam follows the (10) planes at Ψ = 0°, the (11) planes at Ψ = 30°, the (01) planes at 
Ψ = 60°, and the (1̅2) planes at Ψ = 90°. 
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Figure 3.3 (a) SFM phase image of a solvent-vapor-annealed PS-b-PEO thin film on a flat 
silicon substrate. The inset shows the corresponding 2-D FFT. (b) Schematic diagram of 
the DSA process. (c) SFM phase image of a solvent-vapor-annealed PS-b-PEO thin film 
on a minimal trench pattern. The inset shows the corresponding 2-D FFT. (d) Schematic 
illustration of GISAXS experiments. Ψ is the rotation angle of the sample stage. ai is the 
incident angle of the X-ray beam. (e) Schematic representation of 2-D hexagonal lattice 
planes with a different Ψ on the minimal trench pattern. Two basis vectors, a1 and a2, are 
indicated by the magenta arrows.  
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Figure 3.4 To fabricate a minimal trench pattern, we used size reduction lithography, 
which is based on nanoimprint lithography (NIL) and thermal annealing. (a) In the first 
step, a silsesquioxane (SSQ)-based film was prepared by spin-coating onto a flat silicon 
substrate. (b) Next, a h-PDMS mold consisting of grating lines with the pitch of 132 nm, 
the line width of 70 nm, and the height of 50 nm was used to nanoimprint the SSQ-based 
film. Then, the nanoimprinted trench pattern with the pitch of 132 nm, the mesa width of 
64 nm, and the trench depth of 50 nm was annealed at 500 °C in air for 2 h to reduce the 
pattern dimensions, in particular the trench depth. It is noted that this thermal annealing 
process changes the surface property from hydrophobic (nanoimprinted trench pattern) to 
hydrophilic (minimal trench pattern) due to the formation of silicon oxide structure. (c) As 
a result, we obtained the minimal trench pattern with the pitch of 132 nm, the mesa width 
of 26 nm, the trench width of 106 nm, and the trench depth of 11 nm. Table 3.1 summarizes 
the results of the pattern dimension reduction. The reduction in pattern dimensions after 
thermal annealing is related to the elimination of organic molecules in the SSQ-based film 
and densification of the SSQ material. The reduction in the trench depth (78.0%) was larger 
than the mesa width reduction (59.4%), which can be attributed to the lateral confinement 
of the mesas to the substrate.  
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Figure 3.5 Cross-sectional (80° tilted) SEM images of patterned trench surfaces. (a) 
Nanoimprinted trench pattern with the pitch of 132 nm, the mesa width of 64 nm, the trench 
width of 68 nm, and the trench depth of 50 nm. The inset shows the water contact angle of 
113°. Since the nanoimprinted trench pattern is mainly composed of the SSQ material, the 
surface is hydrophobic. (b) Minimal trench pattern with the pitch of 132 nm, the mesa 
width of 26 nm, the trench width of 106 nm, and the trench depth of 11 nm. The inset shows 
the water contact angle of 8°, indicating a hydrophilic surface. Through thermal annealing, 
the surface property was changed from hydrophilic (113°) to hydrophilic (8°). Since the 
SSQ-based material (nanoimprinted trench pattern) was converted to silicon oxide 
structures (minimal trench pattern) by eliminating organic molecules, the surface of the 
minimal trench pattern became hydrophilic. (c) The magnified image of the minimal trench 
pattern shows that the surface at the base of the trench is rough, but this roughness could 
not be measured by SFM due to artifacts arising from the shape of the tip. Since the mesa 
width of the nanoimprinted trench pattern cannot be readily reduced due to the lateral 
confinement during thermal annealing, any internal stresses in this pattern are relieved by 
roughening the bottom surface of the trench. 
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Table 3.1 Summary of the results of the pattern dimension reduction after thermal 
annealing. 
 
Dimension 
Nanoimprinted trench pattern 
(before thermal annealing) 
Minimal trench pattern 
(after thermal annealing) 
Trench pitch 
(nm) 
132 132 (3.7a) 
Mesa width 
(nm) 
64 26 
Trench width 
(nm) 
68 106 (3.0b) 
Trench depth 
(nm) 
50 11 (0.3c) 
  aCommensurability between the trench pitch and L0. 
  bCommensurability between the trench width and L0. 
  cCommensurability between the trench depth and L0. 
 
  
 95 
 
 
Figure 3.6 SFM height images and height profiles of patterned trench surfaces. (a) 
Nanoimprinted trench pattern. (b) Minimal trench pattern.  
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3.3.2 GISAXS Study of Hexagonal Arrays on Minimal Trench Patterns 
Figure 3.7a–f shows the 2-D GISAXS patterns of the PS-b-PEO thin film on the 
minimal trench pattern at Ψ = 0°, where qy is the in-plane scattering vector (parallel to the 
film surface) and qz is the out-of-plane scattering vector (normal to the film surface). 
Initially, αi was set at 0.18° (Figure 3.7a), which is above the critical angle of the polymer 
film (αc = 0.16°),47 but below that of the silicon substrate (0.22°), to achieve full penetration 
of the X-ray beam into the film. In this case, the strong vertical streaks arising from the 
minimal trench pattern were observed. These streaks were also accompanied by an arc-
shaped pattern due to the intersection of the truncation rods with the Ewald sphere, which 
is characteristic of 2-D GISAXS patterns when the X-ray beam is aligned with the grating 
line direction.51, 52 It should be noted that the arc shape is very sensitive to the alignment 
of the X-ray beam with respect to the trench direction.51, 53, 54 To mitigate the scattering 
from the minimal trench pattern, αi was gradually decreased from 0.18° to 0.02°, so that 
Bragg rods (reflections extended in the vertical direction), as indicated by the arrows in 
Figure 3.7b, from the PS-b-PEO microdomains appeared at αi = 0.10°. The corresponding 
in-plane profiles from the 2-D GISAXS patterns (Figure 3.7a–f) are shown in Figure 3.7g. 
At αi = 0.18°, the reflections from hexagonal arrays of cylindrical microdomains in the PS-
b-PEO thin film were hidden by the strong reflections arising from the minimal trench 
pattern, as mentioned above. However, when αi was lowered to 0.10°, the very weak first-
order peak corresponding to the (10) reflection of hexagonal arrays of cylindrical 
microdomains appeared at qy = 0.162 nm
−1 (dashed line in Figure 3.7g), eventually showing 
the highest relative intensity at αi = 0.02°. The domain spacing of the (10) plane at Ψ = 0°, 
d(10),Ψ=0° = 2π/qy, was calculated to be 38.8 nm from the position of the (10) reflection. The 
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higher-order peaks of the (10) reflection were not observed at Ψ = 0°, but they could be 
detected at Ψ = 60°, as discussed below. 
 
Figure 3.7 (a–f) 2-D GISAXS patterns of a PS-b-PEO thin film on a minimal trench pattern 
taken at a fixed Ψ = 0° while varying αi: (a) αi = 0.18°, (b) αi = 0.10°, (c) αi = 0.08°, (d) αi 
= 0.06°, (e) αi = 0.04°, and (f) αi = 0.02°. The white arrows in (b) indicate the first-order 
reflections arising from the hexagonal arrays of cylindrical microdomains in the PS-b-PEO 
film on the minimal trench pattern. (g) In-plane scattering profiles corresponding to a 
horizontal cut of (a–f) at qz = 0.305 nm−1 (αi = 0.18°), 0.236 nm−1 (αi = 0.10°), 0.212 nm−1 
(αi = 0.08°), 0.196 nm−1 (αi = 0.06°), 0.189 nm−1 (αi = 0.04°), and 0.183 nm−1 (αi = 0.02°), 
respectively. The dashed line indicates the first-order peak corresponding to the (10) 
reflection of the hexagonal arrays of PS-b-PEO microdomains. 
 
Figure 3.8a–f shows the 2-D GISAXS patterns of the PS-b-PEO thin film on the 
minimal trench pattern at Ψ = 60°. In this case, the X-ray beam was parallel to the (01) 
planes of the hexagonal arrays. However, strong scattering arising from the minimal trench 
pattern was not observed because the direction of the X-ray beam and direction of the 
trench pattern were not the same. To compare the internal structure and surface 
morphology, αi was varied from 0.20° to 0.10°, i.e. above and below αc. As seen in Figure 
3.8a–f, Bragg rods corresponding to the PS-b-PEO microdomains were clearly observed at 
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all αi. Figure 3.8g shows the corresponding in-plane profiles. At αi = 0.20°, which is above 
αc, four peaks with scattering vector ratios of 1:2:3:4 relative to the first-order peak were 
observed and were assigned to the (01), (02), (03), and (04) reflections, respectively. This 
result indicates that the well-defined (01) plane of hexagonal arrays of cylindrical 
microdomains oriented normal to the film surface persists throughout the film over the 
entire area investigated at Ψ = 60°. The domain spacing of the (01) plane at Ψ = 60°, 
d(01),Ψ=60°, was calculated to be 45.9 nm from the (01) reflection. This d(01),Ψ=60° of 45.9 nm 
is larger than d(10),Ψ=0° of 38.8 nm and will be discussed in more detail later. When αi was 
gradually decreased from 0.20° to 0.10°, all reflections were maintained at the identical 
positions of qy, indicating that there is no difference between the internal structure and 
surface morphology. However, the (01) reflection showed a scattering shoulder (indicated 
by the arrows in Figure 3.8g) with increasing relative intensity, as αi increased. This 
observation can be attributed to frustration of BCP microdomains. Although the trench 
width of the minimal trench pattern is commensurate with L0, the value of 3.0, the trench 
pitch is not commensurate with L0, the value of 3.7 (Table 3.1). This incommensurate 
condition imposes frustration on the hexagonal arrays of PS-b-PEO microdomains that 
must stretch or compress to accommodate the topographic constraints at the base of the 
trench. The PS-b-PEO microdomains at the top of the trench (near the air/polymer 
interface), on the other hand, can order with minimal constraints. We note that the 
scattering shoulders at the (02) and (03) reflections are also related to the shoulder at the 
(01) reflection. A complete understanding of the scattering profiles in Figure 3.8g would 
require simulations or fitting of the 2-D scattering images in Figure 3.8a-f, which lies 
outside of the scope of this study. 
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Figure 3.8 (a–f) 2-D GISAXS patterns of a PS-b-PEO thin film on a minimal trench pattern 
at Ψ = 60°. To compare the internal structure and surface morphology, αi was varied: (a) αi 
= 0.20°, (b) αi = 0.18°, (c) αi = 0.16°, (d) αi = 0.14°, (e) αi = 0.12°, and (f) αi = 0.10°. (g) 
In-plane scattering profiles corresponding to a horizontal cut of (a–f) at qz = 0.316 nm−1 (αi 
= 0.20°), 0.303 nm−1 (αi = 0.18°), 0.287 nm−1 (αi = 0.16°), 0.261 nm−1 (αi = 0.14°), 0.247 
nm−1 (αi = 0.12°), and 0.223 nm−1 (αi = 0.10°), respectively. The arrows indicate a 
scattering shoulder at the (01) reflection. 
 
Figure 3.9 shows the 2-D GISAXS patterns of the PS-b-PEO thin films on the 
minimal trench pattern and the corresponding in-plane profiles at Ψ = 30° (Figure 3.9a–c) 
and 90° (Figure 3.9d–f), respectively. In both cases, the films were measured at αi = 0.18° 
(> αc) and 0.12° (< αc) to compare the internal structure and surface morphology. Compared 
with the 2-D GISAXS patterns at Ψ = 60°, there is a marked change in the scattering 
profiles at Ψ = 30° and 90°, with strong (11) and (1̅2)  reflections, respectively. The 
reflections were analyzed based on the corresponding in-plane scattering profiles, as shown 
in Figure 3.9c. At αi = 0.18°, the observed peaks were found to have scattering vector ratios 
of 1:√3:√7:√12:√27 relative to the first-order peak and were assigned to the (10), (11), 
(21), (22), and (33) reflections, respectively. For a perfect single hexagonal array on the 
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minimal trench pattern (Figure 3.3e), only the (11) reflection and the corresponding higher 
order peaks ((22), (33), …) should be present in a scattering profile at Ψ = 30°, since, in 
this case, the direction of the X-ray beam is parallel to the (11) plane. Indeed, the strong 
(11) reflection with its higher scattering orders, such as the (22) and (33) reflections, was 
observed in the scattering profiles at Ψ = 30° (Figure 3.9c). However, the vestiges of broad 
(10) and (21) reflections suggest that the volume of the film sampled does not consist of a 
single grain of hexagonal arrays of cylindrical microdomains oriented normal to the film 
surface with the (10) plane aligned parallel to the trench direction; grains of other 
orientations of hexagonal arrays with short-range ordering must be present. Nonetheless, 
it is evident that the intensity of the (11) reflection significantly outweighs the intensity of 
the (10) reflection at Ψ = 30°. This result indicates that the well-defined (11) plane of 
hexagonal arrays of cylindrical microdomains oriented normal to the film surface is 
dominant over the area examined at Ψ = 30°. The domain spacing of the (11) plane at Ψ = 
30°, d(11),Ψ=30°, was calculated to be 26.0 nm from the (11) reflection. At αi = 0.12°, the 
peak positions were found to remain unchanged compared to those at αi = 0.18°, showing 
that the surface morphology is identical to the internal structure. The 2-D GISAXS patterns 
at Ψ = 90° (Figure 3.9d,e) were similar to those at Ψ = 30° (Figure 3.9a,b), but the peaks 
were found to be broader at Ψ = 90°. The corresponding in-plane profiles are shown in 
Figure 3.9f. At both αi = 0.18° and 0.12°, the five peaks were observed with scattering 
vector ratios of 1:√3:√7:√12:√27 relative to the first-order peak and were assigned to the 
(01) , (1̅2) , (1̅3) , (2̅4) , and (3̅6)  reflections, respectively. Similar to the in-plane 
scattering profiles at Ψ = 30°, the (1̅2) reflection is stronger than the (01) reflection at Ψ = 
90°. However, the vestiges of broad (01) and (1̅3) reflections were also observed at Ψ = 
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90°, confirming that, while a few smaller grains with different orientations of hexagonal 
arrays exist, the well-defined (1̅2) plane of hexagonal arrays of cylindrical microdomains 
oriented normal to the film surface predominates over the area examined at Ψ = 90°. The 
domain spacing of the (1̅2) plane at Ψ = 90°, d(1̅2),Ψ=90°, was calculated to be 26.4 nm from 
the (1̅2) reflection. Interestingly, scattering shoulders (indicated by the arrows in Figure 
3.9f) were observed on the left of the (1̅2) reflections, i.e. at smaller scattering vectors, at 
both αi = 0.18° and 0.12°, suggesting a larger or stretched domain spacing at Ψ = 90°. This 
is likely due to the absence of topographic restraints for the (1̅2)  planes being 
perpendicular to the trench direction, as will be discussed in more detail below. 
 
Figure 3.9 (a,b) 2-D GISAXS patterns of a PS-b-PEO thin film on a minimal trench pattern 
at Ψ = 30° with αi = 0.18° (a) and 0.12° (b). (c) In-plane scattering profiles corresponding 
to a horizontal cut of (a,b) at qz = 0.294 nm
−1 (αi = 0.18°) and 0.243 nm−1 (αi = 0.12°), 
respectively. (d,e) 2-D GISAXS patterns of a PS-b-PEO thin film on a minimal trench 
pattern at Ψ = 90° with αi = 0.18° (d) and 0.12° (e). (f) In-plane scattering profiles 
corresponding to a horizontal cut of (d,e) at qz = 0.307 nm
−1 (αi = 0.18°) and 0.252 nm−1 
(αi = 0.12°), respectively. The arrows indicate a scattering shoulder at the (1̅2) reflection. 
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Figure 3.10a shows a schematic illustration of hexagonal arrays of PS-b-PEO 
microdomains guided by the minimal trench pattern, where the confined and unconfined 
directions are defined as the X- and Y-axes, respectively. It should be noted that each 
direction is not related to the magnitude of the confinement effect. When the BCP 
microdomains are guided by a 1-D template, like the minimal trench pattern discussed here, 
the microdomains can be more easily distorted in the unconfined direction than in the 
confined direction, due to the absence of topographic constraints, allowing the domain 
spacing to change so as to relax the frustration imposed which also allows for wider 
positional variations in the unconfined direction.55 This, more than likely, affects the 
domain spacing of the (10), (11), (01), and (1̅2) planes, as shown in Figure 3.10b, so that 
d(10),Ψ=0° = d(01),Ψ=60°  and d(11),Ψ=30° = d(1̅2),Ψ=90° , which holds for a perfect hexagonal 
array, are no longer valid for the hexagonal arrays of cylindrical microdomains on the 
minimal trench pattern. To investigate distortions of hexagonal arrays of cylindrical 
microdomains on the minimal trench pattern, the measured principal domain spacing of the 
different lattice planes, as determined from the GISAXS patterns, were compared in Table 
3.2. For the (10) and (01) planes, d(01),Ψ=60° of 45.9 nm was larger than d(10),Ψ=0° of 38.8 nm, 
indicating a distorted hexagonal array. It is noted that the (10) planes are oriented parallel 
to the trench direction and, thus, d(10),Ψ=0° is expected to reflect the confinement effect by 
the trench width and trench pitch. However, the confinement effects should be significantly 
weaker for the (01) planes, since the (01) planes have an angle of 60 degrees with respect 
to the trench direction, which likely caused an increased domain spacing in comparison to 
that of the (10) planes. In contrast, the (11) and (1̅2) planes showed a similar difference in 
the confinement effect. While the difference between d(11),Ψ=30° of 26.0 nm and d(1̅2),Ψ=90° 
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of 26.4 nm was negligible (Table 3.2), an additional shoulder was observed on the left of 
the (1̅2) reflections at Ψ = 90° at both αi = 0.18° and 0.12° (indicated by the arrows in 
Figure 3.9f), whereas only a single (11) reflection was found at Ψ = 30° (Figure 3.9c). This 
shoulder corresponds to a domain spacing of ~29 nm and likely reflects the stretched 
domain spacing of the (1̅2) plane in the unconfined direction on the minimal trench pattern, 
as shown in Figure 3.10b. 
 
 
Figure 3.10 (a) Schematic illustration of hexagonal arrays of cylindrical microdomains 
guided by the minimal trench pattern. The X- and Y-axes indicate the confined and 
unconfined directions, respectively. (b) Schematic representation of the domain spacing of 
hexagonal planes with a different Ψ on XY directions defined in (a). XY directions are not 
related to the magnitude of the confinement effect. For a perfect hexagonal array, 
d(10),Ψ=0° = d(01),Ψ=60° and d(11),Ψ=30° = d(1̅2),Ψ=90°. 
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Table 3.2 Measured principal domain spacing of lattice planes of the hexagonal arrays on 
the minimal trench pattern at a different Ψ, as determined from the GISAXS patterns. 
 
lattice plane 
Ψ 
(deg.) 
domain spacing 
(nm) 
(10) 0 d(10),Ψ=0° = 38.8 
(11) 30 d(11),Ψ=30° = 26.0 
(01) 60 d(01),Ψ=60° = 45.9 
(1̅2) 90 d(1̅2),Ψ=90° = 26.4 
 
3.3.3 GISAXS Study of Hexagonal Arrays on Unpatterned Flat Substrates 
GISAXS measurements were also performed on hexagonal arrays of cylindrical 
microdomains in PS-b-PEO thin films on a flat silicon substrate (the sample in Figure 3.3a). 
For a comparison to the GISAXS measurements of the films on the minimal trench pattern, 
the films on the flat silicon substrate were also rotated about the surface normal. Since 
well-defined specific planes of hexagonal arrays over macroscopic length scales were 
absent, the selection of Ψ = 0° was arbitrary. From this point, the sample stage was rotated 
30°, 60°, and 90°. At all Ψ, αi was fixed at 0.18°, which is above αc, so that the X-ray beam 
penetrated the entire film. As seen in Figure 3.11a, all 2-D GISAXS patterns showed 
identical Bragg rods arising from the PS-b-PEO microdomains. The corresponding in-
plane profiles are shown in Figure 3.11b. At all Ψ, four peaks were observed with scattering 
vector ratios of 1:√3:√4:√7 relative to the first-order peak and were assigned to the (10), 
(11), (20), and (21) reflections, respectively. This result clearly indicates that the hexagonal 
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arrays of cylindrical microdomains oriented normal to the film surface on the flat silicon 
substrate are randomly oriented in the PS-b-PEO film, although the microdomains are 
laterally ordered. 
 
Figure 3.11 (a) 2-D GISAXS patterns of a PS-b-PEO thin film on a flat silicon substrate. 
The sample was first measured at an arbitrary sample rotation, which is defined as Ψ = 0°. 
From this point, the sample stage was rotated 30°, 60°, and 90°. At all Ψ, αi was set at 
0.18°. (b) In-plane scattering profiles corresponding to a horizontal cut of (a) at qz = 0.293 
nm−1. The domain spacing of the (10) plane was calculated to be 42.9 nm from the (10) 
reflection. 
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3.4 Conclusions 
In summary, the minimal trench patterns with the depth of 11 nm (0.3L0), width of 
106 nm (3.0L0), and pitch of 132 nm (3.7L0) have been successfully used to guide the self-
assembly of PS-b-PEO thin films under SVA, achieving well-defined hexagonal arrays of 
cylindrical microdomains oriented normal to the film surface over macroscopic length 
scales (~1 × 1 cm2), where the (10) planes of hexagonal arrays are predominantly oriented 
parallel to the underlying trench direction. Since the minimal trench pattern was buried 
under self-assembled BCP microdomains, it allowed us to elucidate the internal structure 
and lateral ordering of hexagonal arrays using GISAXS with the rotation of the sample 
stage, by avoiding strong scattering arising from the underlying patterned surface. The 
hexagonal arrays of cylindrical microdomains on the minimal trench pattern were found to 
be distorted. A combination of the absence of topographic constraints in the unconfined 
direction on the minimal trench pattern with the frustration of PS-b-PEO microdomains, 
arising from the incommensurability between the trench pitch and L0 near the base of the 
trench, can explain this distortion. The quantitative analysis in this work provides an in-
depth understanding of the morphological characteristic and lateral ordering of self-
assembled BCP microdomains guided by 1-D topographic patterns and may provide a 
platform for the characterization of BCP morphologies directed by 2-D or 3-D topographic 
patterns using GISAXS.  
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CHAPTER 4 
 
ORTHGONALLY ALIGNED BLOCK COPOLYMER LINE PATTERNS ON 
MINIMAL TOPOGRAPHIC PATTERNS 
 
 
4.1 Introduction 
Directed self-assembly (DSA) of block copolymers (BCPs) has gained widespread 
interest as one of the most promising solutions for overcoming resolution limitations in the 
current lithographic process in the semiconductor industry. This method provides 
opportunities to fabricate dense periodic/aperiodic nanostructures with sizes below 10 
nm.1-11 In the DSA process, BCP microdomains, such as lamellae, cylinders, or spheres, 
are typically guided by chemical12-15 or topographic16-19 patterns. Previous studies have 
shown that one of the key parameters to achieve high-quality BCP patterns on either 
chemical patterns or topographic patterns is the film thickness. For cylindrical 
microdomains on chemical patterns, Nealey and co-workers reported that the thickness of 
poly(styrene-b-methyl methacrylate) (PS-b-PMMA) films should be within 2 nm of the 
preferred quantized film thickness on striped chemical patterns to produce a single layer of 
defect-free line patterns of cylindrical microdomains.20 The same group also studied the 
DSA of PS-b-PMMA thin films on spotted chemical patterns.21 In this case, hexagonal 
arrays of cylindrical microdomains with a high degree of registration and perfection were 
achieved at the film thickness of 54 nm, when the pattern period was approximately 
commensurate with center-to-center distance between cylinders of the BCP in the bulk 
(L1). However, the 30 nm and 70 nm thick films showed some defects and bridged cylinders 
at the surface of the films, respectively. Recently, Nealey and co-workers reported the 
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effect of film thickness on the DSA of  a lamellar-forming PS-b-PMMA on stripe chemical 
patterns.22 
As mentioned above, the film thickness plays an important role in producing 
uniformly ordered BCP patterns on topographic patterns. For deep topographic patterns, 
where the confinement depth is comparable to or larger than the natural period of the BCP 
in the bulk (L0), Jeong and co-workers demonstrated that the thickness variations of PS-b-
PMMA films within the trench patterns resulted in complex morphologies consisting of 
hexagonal arrays and line patterns of cylindrical microdomains.23 Gopalan and co-workers 
demonstrated that the film thickness is critical for achieving laterally ordered hexagonal 
arrays of cylindrical microdomains in the trench patterns with the surfaces weakly 
preferential to one of the BCP blocks.24 For minimal topographic patterns, where the 
confinement depth is much less than L0, Russell and co-workers demonstrated that lateral 
ordering of hexagonal arrays of cylindrical microdomains on sapphire faceted substrates 
was lost when the film thickness of poly(styrene-b-ethylene oxide) (PS-b-PEO) was 
increased from 37 nm to 46 nm.3 Recently, the same group reported that highly aligned PS-
b-PEO line patterns of cylindrical microdomains on minimal trench patterns were collapsed 
when the film thickness was increased from 39 nm to 46 nm, resulting in typical fingerprint 
patterns.25  
Particularly with the DSA of cylinder-forming BCPs on faceted substrates, another 
interesting phenomenon is that BCP line patterns can be aligned orthogonally to the 
underlying ridge direction by increasing the thickness of the BCP films.26, 27 For faceted 
sapphire substrates, Russell and co-workers have shown that unidirectionally aligned line 
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patterns of cylindrical microdomains oriented orthogonally to the ridge direction can be 
generated over macroscopic length scales with increasing BCP film thickness from 38.0 
nm to 47.5 nm.26 In this system, the line patterns of cylindrical microdomains were 
truncated at the crests of the facets at the film thickness of 38.0 nm, while these 
microdomains were orthogonally aligned with respect to the ridge direction. However, the 
truncated microdomains could be connected across the facets with an increase in film 
thickness to 47.5 nm, so that macroscopically aligned line patterns oriented orthogonally 
to the ridge direction were achieved. This orthogonal alignment of BCP line patterns is 
attributed to the entropic penalties related to chain packing and the incommensurability 
between the pitch of the facets and L0. In addition, the same group reported the effect of 
BCP film thickness on the orthogonal alignment of line patterns of cylindrical 
microdomains on faceted silicon substrates, where the geometry of the faceted silicon 
substrates is more asymmetric than that of the faceted sapphire substrates.27 In this case, 
the BCP line patterns were oriented parallel to the ridge direction when the film thickness 
was 35.0 nm, but showed a tendency for being oriented almost orthogonal to the ridge 
direction at the thickness of 47.6 nm. However, in terms of lithography applications, a 
major challenge for the use of faceted substrates is pattern transfer of BCP templates to the 
underlying substrate due to the triangular groove structures of the facet. 
For deep trench patterns, methods to produce orthogonally aligned BCP line 
patterns within the trenches have been studied.28, 29 For example, Gopalan and co-workers 
demonstrated the generation of lamellar line patterns oriented orthogonally to the trench 
direction in deep trench patterns through the modification of interfacial interactions 
between BCPs and surfaces of the sidewall of the trenches.29 In contrast, using corrugated 
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substrates with non-selective surfaces for both blocks, Kim and co-workers showed the 
orthogonal alignment of line patterns of lamellar microdomains in PS-b-PMMA thin films, 
where the line patterns span across the corrugated substrates.30 They found that this 
orthogonal alignment was strongly sensitive to the relative BCP film thickness, to the depth 
of the corrugation, as well as to the pitch of the corrugated substrates. Recently, based on 
experimental and simulated studies, Berggren and co-workers demonstrated the orthogonal 
self-assembly of a cylinder-forming poly(styrene-b-dimethylsiloxane) (PS-b-PDMS) over 
line, concentric circle, and Y-junction patterned substrates.31 In this case, the depth and 
surface property of the topographic patterns were critical to induce the orthogonal self-
assembly process. These orthogonally aligned line patterns of BCP microdomains have 
potential to be used for the fabrication of integrated circuit interconnects,4, 17 nanowire 
arrays,29, 32 or bit-patterned media (BPM).33 However, there are still many unanswered 
questions that may limit this promising approach to generate orthogonally aligned BCP 
line patterns on topographic patterns. 
Here, we present the orthogonal alignment of PS-b-PEO line patterns of cylindrical 
microdomains with respect to trench direction on minimal trench patterns. We discovered 
that the thickness of PS-b-PEO films was found to be a critical parameter for inducing the 
orthogonal alignment. A single grain of line patterns of cylindrical microdomains with an 
orientation parameter of 0.997, as determined from grazing incidence small angle X-ray 
scattering (GISAXS) data, was produced in PS-b-PEO thin films at the thickness of 37.3 
nm (1.70L0) on minimal trench patterns with the depth of 15 nm (0.68L0). Interestingly, 
this orthogonal alignment occurred for line patterns of cylindrical microdomains in PS-b-
PDMS thin films on minimal trench patterns without varying the film thickness when the 
 116 
 
films were annealed using a solvent vapor with a relatively low vapor pressure. This study 
demonstrates that there are likely different key parameters that are critical for promoting 
orthogonal alignment of BCP line patterns on minimal trench patterns depending on the 
type of BCPs. 
 
4.2 Experimental Methods 
4.2.1 Materials 
Poly(styrene-b-ethylene oxide) (PS-b-PEO) (Mn = 20.5 kg mol
−1 and Mn = 7.0 kg 
mol−1 for PS and PEO blocks, respectively, PDI = 1.05) and poly(styrene-b-
dimethylsiloxane) PS-b-PDMS (Mn = 31.0 kg mol
−1 and Mn = 14.5 kg mol
−1 for PS and 
PDMS blocks, respectively, PDI = 1.15) were purchased from Polymer Source, Inc. and 
used as received. Benzene (anhydrous, 99.8%), toluene (anhydrous, 99.8%), and 
tetrahydrofuran (THF) (anhydrous, ≥99.9%, inhibitor-free) were purchased from Sigma-
Aldrich. Acetone (≥99.5%) was purchased from Fisher Chemical. Each material was used 
without further purification. Epoxy permanent resist version 142, samples A-Z was 
supplied from Microchem Corp. for the fabrication of silsesquioxane (SSQ)-based films. 
 
4.2.2 Fabrication of Minimal Trench Patterns 
Nanoimprint molds composed of “hardened”, crosslinked PDMS elastomer (h-
PDMS) were replicated from a silicon master mold having a 140 nm pitch, 70 nm line 
width, and 50 nm height according to the previously described method.34 Silsesquioxane 
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(SSQ)-based films were spin-coated at 2000 rpm for 60 s from propylene glycol 
monomethyl ether acetate (20 wt%) onto a silicon substrate with a native oxide layer 
(orientation of (100), University Wafer, Inc.). The thickness of the as-spun SSQ films was 
274 ± 4 nm. Then, the SSQ films were nanoimprinted and UV cured with the h-PDMS 
mold with grating lines that have a pitch of 139 nm, width of 70 nm, and height of 50 nm 
using the nanoimprinter (NX-2000, Nanonex) operating at 80 psi for 5 min. To decrease 
the trench dimensions, the patterned SSQ films, i.e. nanoimprinted trench patterns, were 
annealed at 500 °C in air for 2 h, resulting in minimal trench patterns with the pitch = 139 
nm, width = 99 nm, and depth = 15 nm. 
 
4.2.3 DSA of PS-b-PEO Thin Films 
The minimal trench patterns were cleaned with carbon dioxide snow jet, followed 
by UV-Ozone cleaning (UVO cleaner model 342, Jelight Company Inc.). PS-b-PEO thin 
films were prepared onto the minimal trench patterns by spin-coating from PS-b-PEO 
solution in benzene. Before SVA, the thicknesses of the films were measured on a flat 
silicon substrate by the ellipsometer (model LSE, Gaertner Scientific Corp.), where the 
thicknesses were varied by controlling the concentration of the PS-b-PEO solution (0.6% 
− 1.0% (wt/v)) and the speed (1700 rpm − 3000 rpm) of spin-coating. SVA was performed 
in a sealed glass jar (volume of the jar = 46.5 cm3, surface area of THF = 12.6 cm2, and 
surface area of water = 1.3 cm2) at room temperature. To avoid dewetting, PS-b-PEO thin 
films were pre-swollen using water vapor for 10 min, followed by SVA with THF and 
water vapors for 60 min. 
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4.2.4 DSA of PS-b-PDMS Thin Films 
PS-b-PDMS thin films were spin-coated onto minimal trench patterns from 1.6% 
(wt/v) PS-b-PDMS solution in toluene. Prior to SVA, the thicknesses of the films were 
38.8 nm, as measured by the ellipsometer (model LSE, Gaertner Scientific Corp.). PS-b-
PDMS films were solvent-vapor annealed using acetone, THF, or toluene vapor in three 
individually sealed glass jars at room temperature for 60 min: (1) SVA with acetone vapor 
(volume of the jar = 46.5 cm3 and surface area of acetone = 12.6 cm2), (2) SVA with THF 
vapor (volume of the jar = 46.5 cm3 and surface area of THF = 12.6 cm2), and (3) SVA 
with toluene vapor (volume of the jar = 46.5 cm3 and surface area of toluene = 12.6 cm2). 
 
4.2.5 Characterization 
Scanning force microscopy (SFM) images of solvent-vapor-annealed PS-b-PEO 
and PS-b-PDMS thin films were obtained using a SFM (Dimension 3100, Digital 
Instruments) operated in the tapping mode. SFM images were processed using MATLAB 
with a procedure developed by Murphy et al.35 Image processing began with enhancing the 
contrast between two BCP domains by multiplying pixel values with themselves. Each 
pixel was then replaced with median value of adjacent eight pixels to reduce noise (i.e. 
median filter), and the filtered frame was transformed into a binary image by thresholding; 
black (0) and white (1) represent PS and PEO respectively. After being skeletonized into 
single-pixel width, each domain was trimmed to remove unwanted short branches formed 
by domain thickness undulation. To smooth out pixelated skeletons, the coordinates of each 
pixel were repeatedly adjusted to an average location of adjacent two pixels, but within ± 
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0.5 pixel from the initial coordinates. Finally, the orientations of each domain were 
calculated by dot product of two unit vectors: (1) unit vector between every two connected 
pixels in skeletons and (2) unit vector parallel to the trench line pattern. 
Small Angle X-ray Scattering (SAXS) measurements were performed at the 
University of Massachusetts, Amherst using an in-house setup from Molecular Metrology 
Inc. to measure L0 of the PS-b-PEO in the bulk. It uses a 30 W microsource (Bede) with a 
30 μm by 30 μm spot size matched to a Maxflux optical system (Osmic), leading to a low-
divergence beam of monochromatic Cu Kα radiation (wavelength λ = 0.1542 nm). Grazing 
incidence small angle X-ray scattering (GISAXS) measurements were performed at 
Beamline 7.3.3 at the Advanced Light Source, Lawrence Berkeley National Laboratory, at 
a constant X-ray energy of 10 keV.36 The sample-to-detector distance was calibrated using 
a silver behenate standard. Scattering images were collected on a Pilatus 2M 2-D pixel 
detector (Dectris). During GISAXS measurements on the solvent-vapor-annealed PS-b-
PEO thin films on the minimal trench patterns, the sample stage was rotated about the 
surface normal, where the rotation angle of Ψ = 90° is defined when the X-ray beam is 
parallel to the trench direction. Then, the sample stage was rotated 90° to find PS-b-PEO 
line patterns (oriented orthogonal to the trench direction), which is defined as Ψ = 0°. From 
this point, the sample stage was rotated. The incident angle was fixed at 0.18°, which is 
above the critical angle of the polymer film (0.16°). 
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4.3 Results and Discussion 
4.3.1 Orthogonal Alignment of PS-b-PEO Line Patterns 
 
 
Figure 4.1 Schematic illustration of the DSA process. (a) SSQ-based film spin-coated onto 
a silicon substrate having a native oxide layer. (b) With a h-PDMS mold, SSQ-based film 
was nanoimprinted using a NIL system. (c) To reduce trench dimensions, in particularly 
the trench depth, the nanoimprinted trench pattern was annealed at 500 °C in air, finally 
generating a minimal trench pattern (trench depth < L0). (d) PS-b-PEO thin films were spin-
coated onto the minimal trench patterns (e) After SVA with THF and water vapors, PS-b-
PEO film showed line patterns of cylindrical microdomains oriented orthogonal to the 
underlying trench direction.  
 
Figure 4.1 shows the schematic illustration of the DSA process to produce 
orthogonally aligned BCP line patterns. First, a silsesquioxane (SSQ)-based film was spin-
coated onto a flat silicon substrate with a native oxide layer (Figure 4.1a). Then, the SSQ-
based film was nanoimprinted via nanoimprint lithography (NIL) using a h-PDMS mold 
with grating lines that have a pitch of 139 nm, width of 70 nm, and height of 50 nm (Figure 
4.1b). To decrease the pattern dimensions, especially the trench depth, the nanoimprinted 
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trench pattern was annealed at 500 °C in air for 2 h, finally producing the minimal trench 
pattern with the pitch of 139 nm, width of 99 nm, and depth of 15 nm (Figure 4.1c). It is 
noted that the surface of the minimal trench pattern is hydrophilic. The details of the 
procedure for the fabrication of minimal trench patterns can be found in Chapter 3. After 
the fabrication of minimal trench patterns, a thin film of a cylinder-forming PS-b-PEO (L0 
= 21.9 nm in the bulk, as measured by small angle X-ray scattering (SAXS), Figure 4.2) 
was spin-coated onto the minimal trench pattern (Figure 4.1d), and subsequently solvent-
vapor annealed using tetrahydrofuran (THF) and water vapors, where THF is a good 
solvent for both blocks and water is a selective solvent for the PEO block. It should be 
noted that the thickness of the PS-b-PEO films was varied to achieve well-defined line 
patterns of cylindrical microdomains oriented orthogonal to the underlying trench direction 
(Figure 4.1e). The film thickness was measured on the flat silicon substrate before solvent 
vapor annealing (SVA). 
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Figure 4.2 SAXS profile of a PS-b-PEO. The first-order reflection was observed at q* = 
0.2863 nm−1 corresponding to the natural period (L0 = 2π/q*) of 21.9 nm. It is noted that 
the higher-order peaks of the first-order reflection were not observed. 
 
Figure 4.3 shows scanning force microscopy (SFM) phase images of solvent-vapor 
annealed PS-b-PEO thin films on minimal trench patterns at different film thicknesses 
under identical annealing conditions. As shown in Figure 4.3a, when the film thickness 
was 22.6 nm (1.03L0), the line patterns of the cylindrical microdomains oriented parallel 
to the film surface were obtained without breakage in the film. It would appear that the line 
patterns are partially oriented parallel or orthogonal to the trench direction. However, such 
an observation is due to the loops with large radii of curvature (Figure 4.4).31 Interestingly, 
when the film thickness was increased to 24.7 nm (1.13L0) (Figure 4.3b), two major 
orientations were observed, where the line patterns of cylindrical microdomains are 
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oriented nearly (1) parallel or (2) orthogonal to the trench direction. As seen in Figure 4.3c 
and d, further increasing the film thickness resulted in a rise of the orthogonal alignment 
of the line patterns with respect to the trench direction. As a result, the line patterns of 
cylindrical microdomains were practically oriented orthogonal to the trench direction with 
no trace of the underlying minimal trench pattern at the film thickness of 35.0 nm (1.60L0) 
(Figure 4.3e). A few defects, such as dislocations and disclinations, existed in the films. 
However, the annihilation of these defects was observed with increasing the film thickness 
more, so that highly aligned line patterns of cylindrical microdomains oriented orthogonal 
to the underlying trench direction were achieved over the patterned substrate at the film 
thickness of 37.3 nm (1.70L0) (Figure 4.3f). Moreover, this orthogonal alignment of PS-b-
PEO line patterns was maintained even at the film thickness of 41.0 nm (1.87L0) (Figure 
4.3g). 
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Figure 4.3 SFM phase images of solvent-vapor annealed PS-b-PEO thin films on minimal 
trench patterns under the same SVA conditions at different film thicknesses: (a) 22.6 nm 
(1.03L0), (b) 24.7 nm (1.13L0), (c) 26.9 nm (1.23L0), (d) 31.8 nm (1.45L0), (e) 35.0 nm 
(1.60L0), (f) 37.3 nm (1.70L0), and (g) 41.0 nm (1.87L0). The arrow of each image indicates 
the underlying trench direction. All scale bars are 200 nm.  
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Figure 4.4 Fourier transformed SFM phase image of the solvent-vapor annealed PS-b-PEO 
thin film with the thickness of 22.6 nm (1.03L0) on the minimal trench pattern. At this film 
thickness, there is no orientation of PS-b-PEO line patterns of cylindrical microdomains in 
terms of the direction of the trench pattern. Due to the loops with large radii of curvature, 
the line patterns of cylindrical microdomains seem to be partially oriented to the trench 
direction. 
 
The orientations of line patterns in Figure 4 were quantitatively analyzed using 
image processing, as described by Murphy et al.,35 where the distribution of the orientation 
angle is plotted in histograms with Gaussian curve fitting, as shown in Figure 4.5; the plots 
depict tendency of domain orientations effectively although the orientation measurements 
can be affected by SFM imaging artifacts from thermal drift distortions. Figure 4.5a shows 
the schematic illustration of the orientation angles of line patterns of cylindrical 
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microdomains with respect to the underlying trench direction, where the orientation angle 
of 0 degrees is defined when the direction of line patterns is parallel to the trench direction. 
From this data, we found that the line patterns of cylindrical microdomains on the minimal 
trench patterns showed the tendency for being oriented 90 degrees as the film thickness 
was increased. Specifically, in the thickness range of 24.7 nm (1.13L0) to 31.8 nm (1.45L0) 
(Figure 4.5b–d), two obvious orientations are observed: line patterns oriented nearly (1) 
parallel or (2) orthogonal to the trench direction. The average parallel orientations were 
−1.4 ± 9.6°, −2.0 ± 8.4°, and −1.2 ± 8.0° for the 24.7 nm (1.13L0), 26.9 nm (1.23L0), and 
31.8 nm (1.45L0) thicknesses, respectively, showing a decrease in their probability as the 
film thickness was increased. In contrast, the average orthogonal orientations were 93.4 ± 
23.0°, 79.0 ± 14.0°, and 90.3 ± 17.1° for the 24.7 nm (1.13L0), 26.9 nm (1.23L0), and 31.8 
nm (1.45L0) thicknesses, respectively, and their probability gradually increased with 
increasing the film thickness. At the film thickness of 35.0 nm (1.60L0) (Figure 4.5e), the 
orthogonal alignment with an average orientation of 90.6 ± 12.5° was predominant, 
whereas the parallel orientation was hardly seen (inset of Figure 4.5e). When the thickness 
was increased to 37.3 nm (1.70L0) (Figure 4.5f), highly aligned line patterns oriented 
orthogonal to the underlying trench direction with an average orientation of 90.0 ± 7.3° 
were observed. Recently, Berggren and co-workers showed the fabrication of the 
orthogonally aligned PS-b-PDMS line patterns with respect to direction of the underlying 
hydrogen silsesquioxane (HSQ) line templates.31 Based on self-consistent field theory 
(SCFT) modeling, they described that the key parameters to induce the orthogonal 
alignment of PS-b-PDMS line patterns were the height and chemical preference of 
templates. However, in this case, the thickness of BCP films was fixed at L0, whereas the 
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film thickness in our study was varied. The origin of the orthogonal alignment for the PS-
b-PEO system is currently underway. 
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Figure 4.5 Orientation angle distribution from image analysis of PS-b-PEO line patterns 
on minimal trench patterns. (a) Schematic illustration of defined orientation angles of line 
patterns with respect to the underlying trench direction. (b–f) Orientation angle distribution 
at different film thicknesses:  (b) 24.7 nm (1.13L0), (c) 26.9 nm (1.23L0), (d) 31.8 nm 
(1.45L0), (e) 35.0 nm (1.60L0), and (f) 37.3 nm (1.70L0). The inset in (e) shows the 
probability between −30° and 30°. 
 
 129 
 
Since SFM is limited to examining the local ordering of BCP microdomains within 
the area of several square micrometers, we used GISAXS to elucidate the lateral ordering 
and orientation of line patterns of cylindrical microdomains over macroscopic distances.37, 
38 Figure 4.6a shows the schematic illustration of GISAXS experiments, where the sample 
stage is rotated about the surface normal during the measurements. We defined the rotation 
angle, Ψ, as the angle between the direction of the X-ray beam and the direction of PS-b-
PEO line patterns on the minimal trench pattern. The X-ray beam was first aligned with 
the trench direction, which is defined as Ψ = 90°. Then, the sample stage was rotated 90°, 
which is defined as Ψ = 0°, because PS-b-PEO line patterns were oriented orthogonal to 
the trench direction. From Ψ = 0°, the sample stage was rotated 2° to 10°. The incident 
angle was set at 0.18°, which is above the critical angle of the polymer film (0.16°), 
allowing us to characterize the BCP morphology throughout the film. Figure 4.6b–h shows 
the 2-D GISAXS patterns of the PS-b-PEO thin film on the minimal trench pattern at 
different Ψ, where qy is the in-plane scattering vector and qz is the out-of-plane scattering 
vector. As shown in Figure 4.6b, when the direction of the X-ray beam was parallel to the 
trench direction (Ψ = 90°), strong streaks in the vertical direction arising from the minimal 
trench pattern were observed. In addition, these streaks were accompanied by a semicircle-
like scattering pattern because of the intersection of the Ewald sphere with the grating 
truncation rods, which is characteristic of GISAXS patterns when the direction of the X-
ray beam is parallel to the direction of the grating.39, 40 It should be noted that the 
semicircle-like scattering pattern is very sensitive to the azimuthal alignment of the trench 
direction with respect to the direction of the incoming X-ray beam.41, 42 When the direction 
of the X-ray beam was aligned with the direction of the PS-b-PEO line patterns (Ψ = 0°), 
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Bragg rods corresponding to the PS-b-PEO microdomains were observed (Figure 4.6c). As 
the sample stage was rotated (Figure 4.6d–h), increasing Ψ, a change in the intensity of 
Bragg rods was observed.  
 
 
Figure 4.6 GISAXS measurements of solvent-vapor annealed PS-b-PEO thin films on 
minimal trench patterns. (a) Schematic illustration of GISAXS experiments, where Ψ is the 
rotation angle of the sample stage. We define Ψ = 0° when the direction of the X-ray beam 
is parallel to the underlying trench direction. (b–h) 2-D GISAXS patterns taken at different 
Ψ: (b) Ψ = 90°, (c) Ψ = 0°, (d) Ψ = 2°, (e) Ψ = 4°, (f) Ψ = 6°, (g) Ψ = 8°, and (h) Ψ = 10°. 
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The corresponding in-plane profiles from the 2-D GISAXS patterns (Figure 4.6b–
h) are shown in Figure 4.7. At Ψ = 90°, the strong reflections from the underlying minimal 
trench pattern were seen. However, at Ψ = 0°, three reflections arising from the PS-b-PEO 
line patterns were observed with scattering vector ratios of 1:2:3 relative to the first-order 
reflection. In this case, strong reflections from the underlying minimal trench pattern were 
not observed since the direction of the trench pattern and the direction of the X-ray beam 
were not the same. The domain spacing (= 2π/qy) of the PS-b-PEO line patterns of 
cylindrical microdomains was calculated to be 28.3 nm from the first-order reflection. With 
increasing Ψ from 0° to 10°, there are two distinct changes in the scattering profiles: (1) 
the first-order reflection becomes weaker and wider and (2) the higher-order reflections 
vanish. Since the scattering is dependent on Ψ, we can quantify the degree of orientation 
of BCP line patterns using the orientation parameter, f, for the 2-D system in a film, which 
is calculated using the following function:26, 43 
𝑓 = 2〈cos2𝛹〉 − 1                                                   (4.1) 
〈cos2𝛹〉 =
∑ 𝐼(𝛹)cos2𝛹
∑ 𝐼(𝛹)
                                                  (4.2) 
where, Ψ is the rotation angle and I(Ψ) is the intensity of the first-order reflection at each 
Ψ from the GISAXS patterns. Figure 4.8 shows the scattering intensity of the first-order 
reflection as a function of Ψ. Based on the integration of the intensity, f was calculated to 
be 0.997, indicating the extraordinarily high degree of orientation of the line patterns over 
macroscopic length scales. It is noted that f = 1.0 for perfect orientation of line patterns of 
cylindrical microdomains and f = 0 for random orientation. 
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Figure 4.7 In-plane scattering profiles corresponding to a horizontal cut of (Figure 4.6b–
h) at qz = 0.320 nm
–1. 
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Figure 4.8 Normalized scattering intensity of the first-order reflection from GISAXS 
patterns as a function of Ψ. Using this data, f was calculated to be 0.997, which is 
characteristic of exceptionally aligned BCP line patterns oriented orthogonal to the trench 
direction. 
 
4.3.2 Orthogonal Alignment of PS-b-PDMS Line Patterns 
We also investigated the self-assembly of a cylinder-forming PS-b-PDMS (Mn = 
31.0 kg mol−1 and Mn = 14.5 kg mol
−1 for PS and PDMS blocks, respectively; the domain 
spacing of solvent-vapor annealed cylindrical microdomains oriented parallel to the film 
surface on a flat silicon substrate is 38 nm) on minimal trench patterns to study whether 
the different BCP microdomains can also produce orthogonally aligned line patterns on a 
minimal trench pattern. For this purpose, PS-b-PDMS thin films were prepared by spin-
coating onto minimal trench patterns, where the film thickness was fixed at 38.8 nm, as 
measured on the flat silicon substrate prior to SVA. In this film thickness, a single layer of 
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line patterns of PDMS microdomains in a PS matrix was formed, with a thin layer of PDMS 
at the air/polymer interface due to the large difference in surface energy, γ, between PS 
(γPS ~ 40.7 mN m−1) and PDMS (γPDMS ~ 20.4 mN m−1).44 Then, SVA was performed using 
acetone, THF, or toluene vapor for the same annealing time. All solvents are more selective 
for the PS blocks because of the differences in the solubility parameters between the 
polymers and solvents (|δpolymer − δsolvent|) (Table 4.1).45 
 
Table 4.1 Solubility parameters of the polymers and solvents and vapor pressures of the 
solvents used in the PS-b-PDMS experiments. 
Polymer or Solvent 
Solubility parameter 
(MPa)1/2 
Vapor pressure at 25 °C 
(kPa) 
PS 18.6 – 
PDMS 15.4 – 
Acetone 20.1 30.8 
THF 19.4 21.6 
Toluene 18.2 3.79 
 
As seen in the SFM phase image in Figure 4.9, the solvent-vapor annealed PS-b-
PDMS thin films on the minimal trench patterns were shown to generate orthogonally 
aligned line patterns of cylindrical microdomains with respect to the underlying trench 
direction depending on the type of the annealed solvent vapors, without increasing the film 
thickness. It is noted that SFM imaging of PS-b-PDMS microdomains was affected by the 
thin surface layer of PDMS at the top surface in the films. As shown in Figure 4.9a, when 
the PS-b-PDMS thin film was annealed using acetone vapor, typical fingerprint patterns of 
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cylindrical microdomains were produced on the minimal trench pattern. This is confirmed 
by the 2-D fast Fourier transform (FFT) (inset of Figure 4.9a), which exhibits a halo, 
indicating randomly oriented microdomains. It should be noted that a chain of spots in the 
middle of the FFT is arising from the underlying minimal trench pattern. Similarly, in the 
case of SVA with THF vapor (Figure 4.9b), the fingerprint patterns of cylindrical 
microdomains with shorter correlation lengths were generated. However, when the film 
was annealed with toluene vapor (Figure 4.9c), we found that the line patterns of cylindrical 
microdomain were oriented orthogonal to the underlying trench direction. The FFT (inset 
of Figure 4.9c) also showed diffuse spots parallel to the axis of a chain of spots in the 
middle of the FFT, confirming orthogonally aligned PS-b-PDMS line patterns with respect 
to the trench direction. Previously, Ross and Jung observed the orthogonal alignment of 
PS-b-PDMS line patterns within deep trench patterns modified with a PDMS brush layer.46 
In this case, the origin of the orthogonal alignment was attributed to the wide mesas of the 
deep trenches and SVA with relatively low vapor pressures. However, in our study, 
orthogonally aligned PS-b-PDMS line patterns form over minimal trench patterns. 
Moreover, both PS and PDMS blocks are not attracted to the surface of the minimal trench 
pattern due to its hydrophilicity. Despite such differences in the experimental system, we 
suggest that the relatively low vapor pressure of toluene could be a factor in driving the 
orthogonal alignment of PS-b-PDMS line patterns of cylindrical microdomains on the 
minimal trench pattern. Among the solvents, the vapor pressure of toluene is noticeably 
smaller than that of the other solvents (Table 4.1),47 implying one of the factors related to 
inducing the orthogonal alignment in the PS-b-PDMS system. More investigation is needed 
to clarify the relationship between the vapor pressure of the solvents and the orthogonal 
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alignment of PS-b-PDMS line patterns of cylindrical microdomains on minimal trench 
patterns.  
 
Figure 4.9 SFM phase images of PS-b-PDMS thin films on minimal trench patterns 
annealed using different solvent vapors: (a) acetone, (b) THF, and (c) toluene. The inset of 
each image shows the corresponding 2-D FFT. The white arrow of each image exhibits the 
underlying trench direction. The yellow arrow in (c) indicates the direction of PS-b-PDMS 
line patterns. All scale bars are 200 nm.  
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4.4 Conclusions 
In summary, we demonstrated a simple and novel route to produce orthogonally 
aligned BCP line patterns with respect to the trench direction on minimal trench patterns. 
For the PS-b-PEO microdomains, increasing the film thickness on the minimal trench 
patterns induced the orthogonal alignment, resulting in the generation of exceptionally 
aligned line patterns of cylindrical microdomains oriented orthogonal to the trench 
direction over arbitrary macroscopic areas. In contrast, for the PS-b-PDMS microdomains, 
the orthogonal alignment of line patterns of cylindrical microdomains was achieved 
through SVA with a low vapor pressure solvent. We believe that the approach presented 
here could be extended to the fabrication of multilayer mesh-shaped nanostructures or 
nanowire arrays without the use of a complex lithographic process. 
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CHAPTER 5 
 
3D NANOSTRUCTURES DERIVED FROM THE DIRECTED SELF-ASSEMBLY 
OF BLOCK COPOLYMERS WITHIN WOODPILES 
 
 
5.1 Introduction 
Block copolymers (BCPs) have been extensively studied due to their ability to self-
assemble into well-ordered nanostructures, such as lamellae, cylinders, gyroids, and 
spheres.1, 2 BCP thin films have been of particular interests to both academia and industry 
for potential lithographic applications in the semiconductor and storage industries.3-5 
Mansky et al. first reported the concept of using BCP morphologies in thin films for 
lithographic applications, in the mid-1990s.6, 7 This concept was developed by Park et al. 
using well-ordered spherical microdomains in BCP thin films as a lithographic mask for 
pattern transfer, producing dense periodic arrays of holes and dots in the silicon nitride 
layer.8 To date, many advances in the directed self-assembly (DSA) of BCPs have been 
made in 2D processes that are compatible with the planar processing techniques, such as 
etching and lift off, which are used in the semiconductor industry.4, 9-11 However, ventures 
into the fabrication of 3D nanoscale patterns using the DSA of BCPs remain an essentially 
unexplored area. 
This chapter focuses on the fabrication of 3D BCP nanostructures using woodpile 
structures as a 3D guiding template. After filling woodpile structures with BCPs by drop 
casting, thermal annealing was performed, where the preferential interactions of the blocks 
with the surfaces of woodpile structures direct the self-assembly of BCPs. We also show 
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the fabrication of 3D metallic patterns in woodpile structures by infiltration of metal salts 
into one of the blocks in the BCP.  
 
5.2 Experimental Methods 
5.2.1 Materials 
Poly(styrene-b-methyl methacrylate) (PS-b-PMMA) (Mn = 38.0 kg mol
−1 and Mn = 
36.8 kg mol−1 for PS and PMMA blocks, respectively, PDI = 1.08) and poly(styrene-b-2-
vinyl pyridine) (PS-b-P2VP) (Mn = 55.0 kg mol
−1 and Mn = 50.0 kg mol
−1 for PS and P2VP 
blocks, respectively, PDI = 1.05) were purchased from Polymer Source, Inc. and used as 
received. Toluene (anhydrous, 99.8%) was purchased from Sigma-Aldrich and used 
without further purification. Hydrochloric acid (HCl) was purchased from Fisher Scientific 
and used as received. Sodium tetrachloroplatinate(II) hydrate (Na2PtCl4·xH2O) was 
purchased from Sigma-Aldrich and used as received. 
 
5.2.2 Fabrication of Woodpile Structures  
The 3D woodpile structures were fabricated using a multi-photon polymerization 
technique. As shown in Figure 5.1a and b, two-photon polymerization (2PP) was initiated 
in the laser focal zone when the ultrafast laser (Femtosecond laser, TOPTICA, 780 nm, 80 
MHz, 100 fs) beam was tightly focused on the photo-curable material using high numerical 
aperture oil-immersion objective lens (100x, N.A. = 1.4, Zeiss). The arbitrary 3D structures 
can be achieved through movement of the focused laser beam with a prescribed trajectory. 
 144 
 
The combination of the piezoelectric with linear stages (Physik Instrumente) was able to 
move the photo-curable material during the 2PP process. The piezoelectric stage was used 
for fine movement, whereas the linear stage was used for large step movement. The beam 
shot was controlled by a mechanical shutter, and intensity control was achieved using a 
motorized attenuator. The stages, mechanical shutter and attenuator, were computer-
controlled via Labview program. A charge-coupled device (CCD) camera was mounted 
behind a dichroic mirror for imaging during the whole process. 
As shown in Figure 5.1c, the photo-curable material is based on the organic-
inorganic hybrid structure. To prepare this material, methacryloxy-propyl trimethoxysilane 
(MAPTMS), methacrylic acid (MAA), and 2-(dimethylamino)ethyl methacrylate 
(DMAEMA) were used as the organic photopolymerizable monomers, where zirconium 
propoxide (ZPO, 70% in propanol) and alkoxysilane groups of MAPTMS serve as the 
inorganic network forming moieties. 4,4-bis(diethylamino) benzophenone (BIS) was used 
as a photo-initiator. After 2PP process, the samples were developed in a mixture of 4-
methyl-2-pentanone and 2-propanol for 20 min to remove the uncured regions. 
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Figure 5.1 (a, b) Experimental set-up for 2PP. (c) Chemical structure of photo-curable 
(organic-inorganic hybrid) material. (Image courtesy of Sangmo Koo, University of 
California, Berkeley) 
 
5.2.3 DSA of PS-b-PMMA with Woodpile Structures 
A single droplet of 1.4% (W/V) PS-b-PMMA solution in toluene was dropped onto 
woodpile structures on a glass substrate. Subsequently, the samples were annealed at 190 
°C under vacuum for 4 days. After thermal annealing, reactive ion etching (RIE, STS 
Vision 320 Mark II RIE System) with O2/Ar plasma (RF Power: 100 W, Pressure: 10 
mTorr, O2: 15 sccm, Ar: 5 sccm) was performed to enhance the phase contrast between the 
two blocks. 
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5.2.4 DSA of PS-b-P2VP with Woodpile Structures 
A single droplet of 1.6% (W/V) PS-b-P2VP solution in toluene was dropped onto 
woodpile structures on a glass substrate. The samples were then annealed at 190 °C under 
vacuum for 4 days. 
 
5.2.5 Deposition of Metal Salts in BCPs within Woodpiles 
 3D metallic patterns were prepared according to the literatures.12-14 After thermal 
annealing of PS-b-P2VP incorporated woodpile structures, the sample was frozen in liquid 
nitrogen, and then quickly cleaved. This cleaved sample was immersed in 2.0% (W/V) 
Na2PtCl4 aqueous solution with 0.9 wt% HCl in a Teflon dish for 18 h. Then, the sample 
was rinsed with water, followed by drying under a nitrogen stream for 2 days. To remove 
the polymer, RIE (STS Vision 320 Mark II RIE System) with O2/Ar plasma (RF Power: 
100 W, Pressure: 10 mTorr, O2: 15 sccm, Ar: 5 sccm) was performed. It is noted that metal 
ions are reduced during RIE process. 
 
5.2.6 Characterization 
 To examine the BCP morphologies and the metallic patterns in the woodpile 
structures, field emission scanning electron microscopy (FESEM, JEOL JSM-7001F) was 
used with an acceleration voltage of 5.0 − 15.0 kV. Before SEM imaging, all samples were 
sputter-coated with gold.  
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5.3 Results and Discussion 
5.3.1 3D Woodpile Structures for Guiding the Self-Assembly of BCPs 
3D multi-layered woodpile structures composed of multiple unit blocks were 
fabricated using a two-photon polymerization (2PP) technique.15 As shown in Figure 5.2a, 
each unit block is repeated four layers in the stacking sequence, where each layer consists 
of 1D rods. 
 
 
Figure 5.2 (a) Structure of unit block of woodpile structure, where az is the distance 
between four adjacent layers, a is the separation distance between parallel rods within each 
layer. Between every other layer, rods are shifted relative to each other by a/2. Face-
centered-tetragonal unit cell structure with az = √2a was used in this project. (b) SEM 
images of woodpile structure. (Image courtesy of Sangmo Koo, University of California, 
Berkeley) 
 
We can vary a thickness of 1D rods by changing the ratio of the quencher 
(DMAEMA) in the photo-curable material and laser power, allowing us to fabricate 
woodpile structures with different dimensions, as shown in Figure 5.3. 
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Figure 5.3 SEM images of woodpile structures fabricated by different laser power while 
maintaining the scanning speed at 20 μm s–1. (Image courtesy of Sangmo Koo, University 
of California, Berkeley) 
 
5.3.2 Incorporation of BCPs in Woodpile Structures 
As shown in Figure 5.4, we devised a method to incorporate BCPs in woodpile 
structures. First, a single droplet of the BCP solution in the syringe is dropped onto the 
woodpile structures on the glass substrate (Figure 5.4a). This process results in covering 
woodpile structures with the BCP solution (Figure 5.4b). After several minutes, the solvent 
is evaporated across the woodpile structures, whereupon the BCP is incorporated into the 
woodpile (Figure 5.4c–f). We found that the rate of solvent evaporation, and concentration 
of BCP solutions play key roles in completely filling the woodpile structures with BCPs.  
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Figure 5.4 Procedure for incorporation of BCPs in woodpile structures. Red arrow in (c–
f) indicates the direction of solvent evaporation.  
 
 
5.3.3 PS-b-PMMA Morphologies on Top Layers of Woodpile Structures 
Figure 5.5 shows scanning electron microscopy (SEM) images of thermally 
annealed poly(styrene-b-methyl methacrylate) (PS-b-PMMA) on top layers of the 
woodpile structures. To improve the phase contrast between the PS and PMMA blocks, 
reactive ion etching (RIE) with O2/Ar plasma was used after thermal annealing. As seen in 
the inset in Figure 5.5, the DSA of PS-b-PMMA amplified the patterns, generating well-
defined concentric ring structures with nanoscales on top layers of the woodpile structures. 
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Figure 5.5 SEM images of PS-b-PMMA patterns on top layers of woodpile structures with 
pitch of 650 nm and height of 5 μm. The inset shows a high-magnification image of the 
concentric ring structures. 
 
The commensurability between the characteristic length scales of woodpile 
structures and natural period of BCPs (L0) is important for dictating the BCP morphology 
within the woodpile structure because this constraint can lead to completely new BCP 
morphologies.16-18 We varied the pitch of the woodpile structure to investigate the effect of 
pattern dimensions on the PS-b-PMMA morphology. Interestingly, a slight change in the 
confinement shape at the identical pitch results in different BCP morphologies on the top 
layer of woodpile structures. As shown in Figure 5.6, PS-b-PMMA microdomains showed 
concentric rings (Figure 5.6a) or ellipsoidal patterns (Figure 5.6b) for a pitch of 650 nm 
and trapezoidal (Figure 5.6c) or square patterns for a pitch of 1 μm, depending on the 
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confinement shape. It is noted that the outermost darker phase in the SEM images 
corresponds to PMMA, indicating that there are preferential interactions of the PMMA 
with surface of the woodpile structure. This preferential interaction induces an ordering of 
the PS-b-PMMA microdomains within the confinement areas by conforming to the shape 
of the confinement. 
 
Figure 5.6 SEM images of PS-b-PMMA patterns on top layers of woodpile structures with 
the pitch of (a,b) 650 nm and (c,d) 1 μm. (a) Concentric ring patterns. (b) Ellipsoidal 
patterns. (c) Trapezoidal patterns. (d) Square patterns. All scale bars are 500 nm. 
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5.3.4 PS-b-PMMA Morphologies Inside of Woodpile Structures 
Figure 5.7 shows SEM cross section images of the PS-b-PMMA incorporated 
woodpile structure. To investigate BCP morphologies within the woodpiles, we cleaved 
the PS-b-PMMA embedded woodpile structures, and then applied RIE to the cross section 
to improve the phase contrast between two blocks, exposing buried PS-b-PMMA 
morphologies within the woodpile structure. As shown in Figure 5.7a, the PS-b-PMMA 
was well-incorporated in the woodpile structure, where the cleaved multi-layered woodpile 
rods were also observed, indicating that drop-casting method is effective in incorporating 
the BCPs in woodpile structures. However, as shown in Figure 5.7b, PS-b-PMMA 
morphologies in the woodpile structures were not clear. The reason for this needs to be 
investigated further. 
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Figure 5.7 (a) SEM cross section images of PS-b-PMMA incorporated woodpile structures.  
Scale bar is 1 μm. (b) Magnified SEM image from the red dashed rectangle in (a). Scale 
bar is 300 nm.   
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5.3.5 3D PS-b-P2VP Morphologies in Woodpile Structures 
Figure 5.8 shows thermally annealed poly(styrene-b-2-vinyl pyridine) (PS-b-P2VP) 
inside of the woodpile structure. In this case, the PS-b-P2VP did not show any clear 
morphologies because there was little contrast between the PS and P2VP blocks. To 
enhance the contrast, PS-b-P2VP incorporated woodpile structures were reconstructed by 
immersion in ethanol, which is a good solvent for the P2VP blocks, but a non-solvent for 
the PS blocks.19, 20 During this process, ethanol selectively interacts with the P2VP blocks 
so that these P2VP blocks are drawn to the surface of the cross section, making height 
contrasts that can be investigated using SEM. 
 
 
Figure 5.8 SEM cross section image of PS-b-P2VP embedded woodpile structures. Scale 
bar is 1 μm. 
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Figure 5.9 shows ethanol reconstructed PS-b-P2VP microdomains in the woodpile 
structure. In the magnified SEM image (Figure 5.9b and c), it was clear that the 3D 
woodpile structure directed the self-assembly of a lamellar-forming PS-b-P2VP, 
generating 3D interconnected lamellar microdomains through void spaces in the woodpile 
structure. However, 3D lamellar microdomains with large vertical ratio on the cleaved 
section were collapsed. This is probably due to capillary forces during the wet 
reconstruction process.21 
 
Figure 5.9 SEM images of ethanol reconstructed PS-b-P2VP microdomains in woodpile 
structures. (a) After thermal annealing, PS-b-P2VP incorporated woodpile structure was 
cleaved, and then reconstructed by immersion in ethanol. (b) and (c) are show magnified 
SEM images from the black and red dashed rectangles in (a), respectively. All scale bars 
are 1 μm. 
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By adjusting the concentration of the PS-b-P2VP solutions, we investigated how 
the BCP is drawn into woodpile structures. As mentioned before, when a single droplet of 
PS-b-P2VP solutions is dropped onto the woodpile structures on the glass substrate, the 
solution covers the woodpile structures. After several minutes, the solvent is evaporated 
across the woodpile structures, thereby incorporating the BCP within the woodpile 
structures. As shown in Figure 5.10, the PS-b-P2VP was found to penetrate into the 
woodpile structures laterally rather than vertically, during solvent evaporation. We have 
found that the rate of solvent evaporation and concentration of BCP solutions are critical 
to incorporate BCPs in the woodpile structures. In particular, if the concentration of the 
BCP solution is too high, the woodpile structures will be fully covered with a thick BCP 
film. However, we note that additional parameters, such as the capillary forces and 
increased mobility of the polymer during thermal annealing, can also have an effect on 
BCP loading in woodpile structures.  
 
Figure 5.10 Direction of infiltration of PS-b-P2VP in woodpile structures. 
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5.3.6 3D Metallic Nanoscale Patterns in Woodpile Structures 
One of the interesting features of PS-b-P2VP is that P2VP blocks can be complexed 
with metal ions,22 providing the opportunity to fabricate 3D networks of metallic structures 
within the woodpile structures. Various anionic metal salts, such as HAuCl4, Na2PdCl4, 
Na2PtCl4, and K3Fe(CN)6, can be complexed with the P2VP blocks in the presence of HCl 
aqueous solutions.12 From these, we selected Na2PtCl4 to fabricate 3D platinum (Pt) 
patterns in woodpile structures.  
To fabricate 3D Pt nanostructures, the cleaved woodpile structures were immersed 
in Na2PtCl4 aqueous solution with HCl. Then, these samples were rinsed with water, 
followed by drying under a nitrogen stream. To remove the polymer, RIE was used. Figure 
5.11a shows SEM cross section of the woodpile structure, which includes Pt nanostructures. 
It was clear that the PS-b-P2VP was fully incorporated in the woodpile structure, showing 
two distinct shapes of Pt nanostructures inside of the woodpile structure: 1) the shapes of 
the sunflower and 2) the honeycomb. 
Figure 5.11b shows the Pt nanostructures inside of the woodpile structure. It is 
noted that brighter parts are Pt nanostructures, which are original P2VP microdomains. The 
elliptical shapes correspond to the cleaved multi-layered woodpile rods. Around these rods, 
the lamellar PS-b-P2VP microdomains (Pt nanostructures) were oriented normal to the rod 
surface, which can be attributed to the confinement effect by the 3D woodpile structure, so 
that the microdomains seemed to be emanated from the rods, showing the shapes of the 
sunflower. The observation of the honeycomb shapes could be related to 3D network of Pt 
nanostructures inside of the woodpile structure.  
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Figure 5.11 (a) SEM cross section (80° tilted) of Pt nanostructures in woodpile structure 
with the pitch of 1 μm and the height of 10 μm. (b) High magnification of 3D Pt 
nanostructures inside of the woodpile structure from the red dashed rectangle in (a). (c) Pt 
line patterns on top layer of woodpile structure. Dark featureless regions correspond to 
non-etched remaining PS layer. All scale bars are 1 µm. 
 
Figure 5.11c shows Pt line patterns on the top layer of the woodpile structure. 
Initially, the top surface of the woodpile structure was fully covered by the PS block 
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because the surface energy of PS at air/BCP interface is lower than that of the P2VP.23 
After removal of this PS block using RIE, Pt line patterns (brighter parts in Figure 5.11c) 
were observed.  
 
5.4 Conclusions 
In summary, we have demonstrated the fabrication of 3D BCP microdomains using 
3D woodpile structures as a guiding template. By varying the pitch, different types of PS-
b-PMMA patterns were achieved on top layers of woodpile structures. For PS-b-P2VP, we 
produced 3D lamellar microdomains in the woodpile structures. In addition, we generated 
3D Pt nanostructures by using deposition of metal salts in the P2VP blocks. The approach 
presented here provides a powerful platform for building 3D nanosystems with tailored 
functionality.  
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CHAPTER 6 
 
CONCLUSIONS AND OUTLOOK 
 
 
Directed self-assembly (DSA) of block copolymers (BCPs) based on topographic 
patterns is one of the most promising strategies for overcoming resolution limitations in 
the current lithographic process and fabricating the next-generation data storage devices. 
The main focus of this dissertation is to understand the effect of minimal topographic 
patterning on guiding the self-assembly of BCPs in 2D and 3D. The use of minimal 
topographic patterns in the DSA of BCPs provides the following important advantages: 1) 
full occupancy of the patterned surface by allowing the BCP microdomains to exist both 
inside and outside of the confinement regions and 2) decreasing the total cost of patterning 
by minimizing the amount of topographic patterning.  
We have explored the minimum amount of topographic patterning necessary to 
successfully guide the self-assembly of cylinder-forming BCPs. The important observation 
was the propagation of hexagonal arrays of cylindrical microdomains oriented normal to 
the film surface away from the edges of a single trench pattern, providing insight into the 
minimum pitch of the trench necessary to fully order hexagonal arrays. For cylindrical 
microdomains in BCP thin films, our results showed that the minimally patterned trench 
surface was more effective in guiding the hexagonal arrays than the line patterns.  
We have taken advantage of grazing incidence small angle X-ray scattering 
(GISAXS) to study the morphological characteristics and lateral ordering of hexagonal 
arrays on the minimal trench patterns. GISAXS patterns revealed that the hexagonal arrays 
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on the minimal trench pattern were distorted, deviating from a perfect hexagonal lattice, 
although the (10) planes of hexagonal arrays of cylindrical microdomains were oriented 
parallel to the underlying trench direction over macroscopic length scales (~1 × 1 cm2). A 
combination of the absence of topographic constraints in the unconfined direction on the 
minimal trench pattern with the frustration of BCP microdomains, arising from the 
incommensurability near the base of the trench, can explain this distortion. It is important 
to mention that BCP hexagonal arrays with perfect long-range lateral order (orientational 
and translational) cannot be achieved using 1D topographic patterns, such as the minimal 
trench pattern discussed here. Therefore, the future study may focus on fabricating 2D 
topographic patterns that can reduce the distortion, which is observed in 1D topographic 
patterns, thereby producing perfectly ordered BCP hexagonal arrays. 
Using minimal trench patterns, we have introduced the fabrication of orthogonally 
aligned BCP line patterns over macroscopic distances. This study offers the opportunity to 
generate multilayer mesh-shaped nanostructure or nanowire arrays, which can be used for 
the fabrication of integrated circuit interconnects or bit-patterned media (BPM), without 
the using of a complex lithographic process. Simulation describing this orthogonal 
alignment is currently underway.  
Lastly, we have addressed the fabrication of 3D BCP architectures over large areas 
using simple woodpile structures as a guiding template. In particular, we successfully 
produced 3D networks of metallic nanostructures within the woodpile structures, providing 
a simple but a powerful platform for building 3D nanosystems with tailored functionality. 
For the future study, we are interested in varying the dimensions of the woodpile structures, 
characterizing the morphology of the confined BCPs using X-ray scattering and 
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transmission electron microscopy (TEM) tomography, investigating the optical properties 
of 3D BCP nanostructures, and studying the computer modeling of 3D BCP nanostructures 
to predict the behavior of metamaterials.  
There has been significant progress in this arena using the DSA of BCPs over the 
past decade. However, up to now, most efforts have focused on the use of diblock or 
triblock copolymers as templates and scaffolds for the fabrication of nanoscopic materials. 
It is evident that the alternative way to achieve perfection in the ordering is to increase the 
complexity of the polymer chain, i.e. the chain topology, so that the packing of the polymer 
chains within a specific morphology will provide additional directors in controlling the 
lateral order. As an example, mikto-arm star terpolymers are one of the more advantageous 
topologies to pursue. Not only are there a range of symmetries accessible, but the entropic 
penalties associated with the packing of the chains to ensure a constant segment density 
(incompressibility and a particularly demanding constant). Unlike diblock or triblock 
copolymers, with star-shaped terpolymers, the constraints imposed on one chain on the 
others are in multiple directions which hold the key to perfection in the lateral order when 
they combine with the DSA process. Further efforts on this area can lead us to 
unprecedented perfectly ordered 2D or 3D BCP systems, which have not yet been achieved 
using diblock or triblock copolymers. 
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